AD-A105  663  MICHIGAN  UNIV  ANN  ARBOR  ELECTRON  PHYSICS  LAB  F/6  9/5 

DESIGN.  PERFORMANCE  AND  DEVICE/CIRCUIT  LIMITATIONS  OP  N-tfAY  SYM— ETC(U) 
AUG  81  D  F  PETERSON.  6  I  HADDAD  F33615-77-C-1132 

UNCLASSIFIED  TR-149  AFWAL-TR-81-1107  NL 


AD  A 1  0  5  6  6  3 


AFWAL-TR-81-1107 


DESIGN,  PERFORMANCE  AND  DEVICE/CIRCUIT  LIMITATIONS  OF  N-WAY 
SYMMETRICAL  IMPATT  DIODE  POWER  COMBINING  ARRAYS 


0.  F.  Peterson 
I.  I.  Haddad 


Electron  Physics  Laboratory 

Department  of  Electrical  and  Computer  Engineering 
The  University  of  Michigan 
Ann  Arbor,  Michigan  ^8109 


August  1981 


Interim  Report  for  Period  July  .1979  to  February  l?8l 


Approved  for  public  release;  distribution  unlimited. 


AVIONICS  LABORATORY 

AIR  FORCE  WRIGHT  AERONAUTICAL  LABORATORIES 
AIR  FORCE  SYSTEMS  COMMAND 

WRIGHT- PATTERSON  AIR  FORCE  BASE,  OHIO  U^U33^ _ 

Ta  -N  ,  ^ 

-  *  ■>  K0  JL 


NOTICE 


When  Government  drawings ,  specifications ,  or  other  data  are  used  for  any  purpose 
other  than  in  connection  with  a  definitely  related  Government  procurement  operation 
the  United  States  Government  thereby  incurs  no  responsibility  nor  any  obligation 
whatsoever;  and  the  fact  that  the  government  may  have  formulated,  furnished ,  or  in 
any  way  supplied  the  said  drawings,  specifications,  or  other  data,  is  not  to  be  re¬ 
garded  by  implication  or  otherwise  as  in  any  manner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  rights  or  permission  to  manufacture 
use,  or  sell  any  patented  invention  that  may  in  any  way  be  related  thereto. 

This  report  has  been  reviewed  by  the  Office  of  Public  Affairs  (ASD/PA)  and  is 
releasable  to  the  National  Technical  Information  Service  (NTIS) .  At  NTIS,  it  will 
be  available  to  the  general  public,  including  foreign  nations. 

This  technical  report  has  been  reviewed  and  is  approved  for  publication. 


f. .  (IK  1 1  Illfty  OAi'T,  liriAK 

V 

Project,  Engineer 
Microwave  Toelm  i  quo  a  ft 
Aj ip  l  i  cat,  i  ono  If. 


ALAN  R  MKRTZ ,  OAI'T,  USAK 
Chief,  Microwave  Technique:'  ft 
Applications  Op 
Avionica  Laboratory 


POK  Tilt:  I’ltflMAfLiKK 


JL 


i  fr  A  ll 

DONALD  fl.  KKKC,  Qhief 
Microwave  Technology  Branch 
Avionics  Laboratory 


"If  your  address  has  changed,  if  you  wish  to  be  removed  from  our  mailing  list,  or 
if  the  addressee  is  no  longer  employed  by  your  organization  please  notify  AFNAL/AADM 
W-PAFB,  OH  45433  to  help  us  maintain  a  current  mailing  list".  ~~ 


Copies  of  this  report  should  not  be  returned  unless  return  is  required  by  security 
considerations ,  contractual  obligations,  or  notice  on  a  specific  document. 


* ..#/-***<**■ *W..  -  i ■  w  V ..wwi-*-'  -»•*->» 


•tk-jh'1! 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


TITLE jfaad  Snhfiti*> . . 

TpESIGN,  PERFORMANCE  AND  ^PEVICE/CIRCUIT 
/LIMITATIONS  OF  JI-WAY  SYMMETRICAL  IMPATT  DIODE 
POWER  COMBINING  ARRAYS . 


AU  THORfO 

D.  F. /peterson  « 
0.  I./ Haddad  • 


9  PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 

Electron  Physics  Laboratory 
The  University  of  Michigan 
Ann  Arbor,  MI  L8109 


II.  CONTROLLING  OFFICE  NAME  ANO  ADDRESS 

Avionics  Laboratory  (AFWAL/AADM-2) 

Air  Force  Wright  Aeronautical  Laboratories 
Air  Force  Systems  Command,  WiAFB,  OH  U5U3  3 


6.  PERFORMING  org  report  numb 

Tech.  Report  No.  lLo 


8  CONTRACT  OR  GRANT  NUMBER! ») 

F336l5-7T-C-113P‘/// 


10.  PROGRAM  ELEMENT.  PROJECT.  TASK 
AREA  A  WORK  IH*JX  NUMBERS 

-f[  “<#351  [/  7  j(£  i 


12  REPORT  DATE 

F  c  \j  r u  ar  v/1 9  8l 


14  mON-LIO RING  AGENCY  NAME  a  ADDRESSff  f  different  Irom  ConJ/cH  nf  Office;  IS  SECURITY  CLASS,  (of  this  report, 

'll  J  /  i  Unclassified 

V-  d  // 


Aj  ,  ?! 


ISe  OECLASSlFICATION  DOWNGRADING 
,  SCHEDULE 

II/A 


16/  DISTHIBUTIT9J/  STATEMENT  fo'f  rbl,  Report) 


Approved  for  public  release;  distribution  unlimited. 


17.  DISTRIBUTION  statement  (of  fhe  abstract  entered  In  Block  20,  ■!  different  from  Report; 


r 

T"1*”  V  * 

?  l  ^ 

v**  : r  e 

tr  k 

OCT^'98' 


18  Su  P  P  L  EM  E  N  T  A  R  V  NOTES 

The  findings  in  this  report  are  not  to  be  construed  as  an  official 
Department  of  the  Air  Force  position,  unless  so  designated  by  other 
authorized  documents. 


T9  KEY  WQR#S  ( Continue  on  reverse  aide  if  necessary  and  identify  b)  block  number) 


Power  combining 

Lossless,  radial-symmetric,  TEM-line  combiners 
Resistive-stabilized  radial- symmetric  combiners 


ABSTRACT  f Continue  on  reverie  side  It  necesrery  end  identity  b-.  block  nr.mler' 

Circuit  design  and  stability  criteria  are  developed  for  a  new  class  of  IMPATT 
diode  power  combiners.  These  combiners  make  use  of  radial-symmetric  circuits 
and  provide  an  optimal  integration  of  device  and  circuit  properties  to  perform 
the  power  adding  function.  Both  lossless  N-way  combiners  and  resistively 
st^j/lized  N-way  combiners  are  considered.  Examples  of  this  combining  technique 
are  given  at  frequencies  of  10  GHz  and  90  GHz  which  make  use  of  realistic 
IMPATT  diode  parameters.  The  30-W,  ten-diode  lossless  X-band  combiner  indicates 
a  1-cLB  locking  bandwidth  of  300  MHz  and  10  dB  gain,  while  the  millimeter-wave  - 


DD  S£Tn  1473 


UNCLASSIFIED 


UNCLASSIFIED 


SECURITY  CLASSIFICATION  OF  THIS  PACEQWijw  Data  Enfrtd) 


ABSTRACT  (Cent) 

* 

combiner  provides  s  1-dB  bandwidth  of  9  (31s  at  87  (31s  and  10  dB  locking  gain* 
A  100 -W,  resistively  stabilized  10  GHzt  tan-diode  combiner  shows  a  150  *®s 
locking  bandwidth*  also  at  10  dB  locking  gain* 

A 

! 


UNCLASSIFIED _ 

SECURITY  CLASSIFICATION  OF  THIS  PACBfWftwi  0**»  Enttad) 


FOREWORD 

This  report  describes  the  investigation  of  power  combining 
studies  at  the  Electron  Physics  Laboratory,  Department  of  Electrical 
and  Computer  Engineering,  The  University  of  Michigan,  Ann  Arbor, 
Michigan.  The  work  was  sponsored  by  the  Air  Force  Systems  Command, 

Air  Force  Avionics  Laboratory,  Wright-Patterson  Air  Force  Base,  Ohio, 
under  Contract  No.  F33615-77-C-1132. 

The  work  reported  herein  was  performed  during  the  period 
July  1979  to  February  1981  by  Drs.  D.  F.  Peterson  and  G.  I.  Haddad. 

The  report  was  released  by  the  authors  in  February  1981. 

The  authors  wish  to  express  their  appreciation  to  Captains  Alan 
Mertz  and  Jon  Grigus  of  the  Avionics  Laboratory  for  their  input  and 
discussions . 


-iii- 


*‘r‘  'V 


TABLE  OF  CONTENTS 

Page 


1.  INTRODUCTION  1 

2.  COMBINER  DESCRIPTION  AND  STABILITY  CONSIDERATIONS  U 

3.  LOSSLESS,  RADIAL-SYMMETRIC,  TEM-LINE  COMBINERS  9 

1*.  RESISTIVE-STABILIZED  RADIAL-SYMMETRIC  COMBINERS  1+0 

5.  SUMMARY  AND  CONCLUSIONS  52 

APPENDIX  A.  OTHER  MODES  OF  OSCILLATION  51* 

APPENDIX  B.  DIODE  FAILURE  IN  LOSSLESS,  DEGENERATE 

EIGENVALUE  NETWORKS  66 

APPENDIX  C.  USE  OF  SHUNT  CAPACITANCE  AND  TWO-SECTION 

TEM  LINES  FOR  IMPROVED  STABILIZATION  71 

LIST  OF  REFERENCES  8l 


-v- 


LIST  OF  ILLUSTRATIONS 


Figure 

1 

2 

3 

k 


5 


6 


T 


8 


9 

10 


11 


Page 

A  General,  N-Negative-Resistance-Diode  Power- 

Combining  Network.  5 

A  TEM-Line  Combining  Network  Providing  N  -  1  Degen¬ 
erate  Eigenvalues  for  the  Rotating  Modes.  10 

A  Typical  Admittance  Plane  Plot  of  the  Nonlinear 
Properties  of  an  IMPATT  Diode.  13 

Device-Circuit  Interaction  Pertinent  to  Rotating 

Mode  Stability  Showing  a  Typical  (w )  Plot 

[B^  for  G^(V)  =  0]  and  Several  Circuit  Negative 

Susceptances  for  the  TEM-Line  Combiner.  Only 

Circuit  Curve  E  Is  a  Stable  Situation.  ll+ 

Stability  Conditions  Interpreted  on  the  Smith 

Chart  Showing  the  Defined  Angles  9c  and  0  and 

the  Circuit  Admittance.  l6 

Active  Diode  Bandwidth  Limitations  Required  as  a 

Function  of  Combining  Line  Lengths  in  the  Circuit 

of  Fig.  2  where  B  =0  and  B  >0  Has  Been  Assumed.  19 

cm 

Limitations  on  the  Value  of  B  as  a  Function  of  Active 
Bandwidth  with  p  =  Bc/Bm  as  amParameter.  Greatest 
Design  Flexibility  Occurs  for  p  >  0  and  a  =  w  /o> 

<2.  m  C  21 

An  Equivalent  Circuit  for  the  N-Diode  TEM-Line 
Combiner  from  an  Admittance  Point.  The  Power  in 

Is  N  Times  the  Power  Generated  by  Y^.  23 

Admittance  Characteristics  of  an  X-Band,  2.5-W  Read- 
Type  IMPATT  Diode  as  Determined  Experimentally.  25 

Conditions  Required  on  -Y^0  for  Rotation  to  the 
Real  Axis  of  the  Smith  Chart  and  Simplified  Imped¬ 
ance  Matching.  26 

Normalized  Diode  Characteristics  of  Fig.  9  Before 
and  After  Line  Rotation  to  the  Combining  Point.  Also 
Shown  Is  the  Result  of  Combining  Ten  Diodes.  The 
Value  of  Y^  Chosen  Was  for  a  Locked  Oscillator  Gain 
of  Approximately  10  dB  at  9-5  GHz  for  Ten  Diodes.  28 


-vi- 


»  «•*.'■«*>»***»*,  -a-  wmh/Bh  <fi  ijjjMWMgg ' 


Figure 


Page 


12 


13 


lU 

15 


l6 


17 


18 


19 


20 


21 


Device-Circuit  Interaction  Shown  in  Device 
Admittance  Plane  for  the  X-Band  Locked  Oscillator. 

The  Locked  Oscillator  Trajectory  Is  also  Shown.  30 

Locked  Oscillator  Gain  vs.  Frequency  for  the  X-Band 
Oscillator  at  a  Constant  RF  Locking  Signal  Power  of 
3  W.  The  1-dB  Bandwidth  Is  almost  300  MHz.  31 

A  Possible  Microstrip  Realization  of  the  TEM-Line 
Combiner  of  Figs.  12  and  13.  32 

The  Calculated  Admittance  Characteristics  per  cm2 

of  a  Millimeter-Wave  Double-Drift  Silicon  IMPATT 

Diode  at  a  Dc  Current  Density  of  30,000  A/cm2.  3U 

The  Locus  b^  for  the  Characteristics  of  Fig.  15 

and  the  Circuit  Negative  Susceptance  for  a 

Rotating-Mode-Stable  TEM-Line  Section.  For  this 

Case,  A.Z  =  1.33  x  10“4  Q-cm2 .  35 

d  o 


The  Admittance  Curves  of  Fig.  15  Normalized  to  YQ/Ad 
and  Plotted  on  the  Smith  Chart.  The  Maximum  Power 
Admittance  at  87  GHz  Maps  to  a  Real  Value  at  the 
Combining  Point .  37 

Device-Circuit  Interaction  for  the  Even  Combining 
Mode  Showing  the  Locked-Oscillator  Trajectory  for 

Selected  to  Give  10  dB  of  Locking  Gain  at  87  GHz.  38 

Locked  Oscillator  Output  Power  vs.  Frequency  Obtained 
from  Fig.  18  for  Constant  Injected  Power.  In  this 
Case,  Pinj^c/^  =  1*15  W-0.  A  1-dB  Bandwidth  of 
Approximately  9  GHz  Is  Predicted.  39 

(a)  A  General  Resistive  Stabilization  Network  Added 
to  a  Symmetrical  Lossless  N  +  1  Port  Combiner.  The 
Primed  Admittances  Indicate  Possible  Lossless  Circuit 
Transformations.  (b)  The  Form  of  the  Stabilization 
Networks  in  (a)  Which  Will  Be  Considered.  Radial 
Symmetry  Is  Assumed.  ^1 

(a)  The  Equivalent  Circuit  Model  at  the  Ports  k,  £., 
and  m  for  Eigenvector  or  Mode  n  of  the  Symmetrical 
Combiner.  X  Is  the  Corresponding  Eigenvalue  for  the 
Lossless  Combiner  Portion.  (b)  The  Form  Assumed  for 
the  Port-to-Port  Stabilization  Networks  Ns  of  (a). 

The  Networks  Y.  Are  Lossless  and  Mirror  Images.  **3 


-vii- 


Figure 

22 


23 


2b 


25 


26 


27 


28 


29 


Page 


(a)  Impedance  Transformation  Used  to  Obtain  Y^ 

at  the  Terminals  of  the  Stabilization  Networks. 

The  Diode  Admittance  Properties  Are  Shown  in  Fig. 

3  Except  the  Scales  Are  Increased  by  a  Factor  of 

Four.  (b)  Equivalent  Circuit  for  the  Resistive 

Stabilized  Ten-Diode  Combiner  in  the  Even  Mode  Where 

the  Stabilization  Resistances  Are  Invisible.  For 

this  Combiner,  G  =  0.01  13.  1+8 

s 

The  Diode  Admittance  Properties  Rotated  to  the  Com¬ 
bining  Point  where  the  Circuit  Is  as  Shown  in 
Fig.  22b.  The  Admittance  Is  Resonant  at  Approxi¬ 
mately  9-5  GHz.  1+9 

A  Possible  Microstrip  Circuit  Realization  of  the 
Combiner  of  Fig.  22b  Including  the  Use  of  Packaged 
Devices  with  Proper  Parasitics  and  Biasing  Net¬ 
works  .  50 

Device-Circuit  Interaction  for  the  Circuit  of  Fig. 

22b  with  Yl  Adjusted  for  10  dB  of  Locked  Oscillator 
Gain  at  9.5  GHz.  This  Plot  Can  Be  Compared  to  that 
of  Fig.  13.  51 

Locked  Oscillator  Gain  vs.  Frequency  Obtained  from 
the  Curve  of  Fig.  25.  The  1-dB  Bandwidth  Has  Re¬ 
duced  to  150  MHz  for  the  Factor  of  Four  Increase  in 
Power  Output.  53 

Various  Solutions  to  the  Equation  |yxi  +  Y,(V)|jv|  = 

A  for  Different  Values  of  yxl.  "Other"  Modes  Are 
Possible  but  Not  Probable  for  Case  "C."  58 

The  Region  of  yxi  Admittance  Which  Provides  Hyster¬ 
esis  in  the  V(A)  Curve  (Fig.  27)  and  the  Possibility 
of  Other  Modes.  Kurokawa's  Point  Is  also  Indicated.  60 

Determination  of  the  Function  [ylx  +  Yo(V)]V  for  a 
Given  Diode  for  Use  in  Comparing  With  Other  Diodes.  62 


30  Graphical  Explanation  of  the  Amplitude  and  Phase 

Variations  Occurring  When  Nonidentical  Diodes  Are 
Combined.  The  Maximum  Phase  Variation  Among  the 
Diodes  Is  6.  The  Value  of  A  Can  Be  Adjusted  to 
Maximize  the  Total  Power.  63 


-viii- 


(a)  Circuit  Model  for  N-Diode  Lossless  TEM-Line 
Combiner.  (b)  Circuit  Model  for  Combiner  in  the  Case 
of  a  Single  Diode  Failure  Where  Is  the  Diode 
Failed  Admittance  and  Is  Its  Transformed  Value  at 
the  Combining  Point. 

A  Comparison  of  Saleh's  Graceful  Degradation  Asso¬ 
ciated  with  Ideal  Linear  Amplifiers  and  that  of 
Eq.  83  as  a  Function  of  the  Relative  Number  of 
Failed  Devices. 

A  Lossless,  Degenerate  Eigenvalue  Combiner  Circuit 
Model  Consisting  of  Two  TEM-Line  Sections  and  a 
Shunt  Capacitance  Useful  for  Improving  Stability. 

Device-Circuit  Interaction  for  the  Millimeter- 
Wave  Diode  Example  Pertinent  to  Rotating  Mode  Sta¬ 
bility.  The  Circuit  Admittance  for  a  Two-Section 
Line  with  Capacitance  Resulting  in  a  Fourfold 
Increase  in  Power-Impedance  Product  Is  Shuwn  and 
Compared  to  the  Single-Section  Case. 

Locked  Oscillator  Trajectory  for  the  Two-Section 
Line  Combiner  Designed  for  a  Center  Frequency  of 
Approximately  78  GHz.  The  Even-Mode  Circuit  Ad¬ 
mittance  Is  also  Shown.  79 

Locked  Oscillator  Gain  vs.  Frequency  Obtained  from 
Fig.  35.  A  1-dB  Bandwidth  of  Approximately  6.5 
GHz  Is  Observed.  This  Result  Can  Be  Compared  to 
Fig.  19.  The  Power- Impedance  Product  Is  Four  Times 
Larger.  80 


DESIGN,  PERFORMANCE  AND  DEVICE/CIRCUIT  LIMITATIONS  OF  N-WAY  SYMMETRICAL 
IMPATT  DIODE  POWER  COMBINING  ARRAYS 

1.  Introduction 

The  purpose  of  this  report  is  to  present  some  new  techniques 

and  designs  for  circuit-level  power  combining  of  negative-resistance 

devices  in  general  and  IMPATT  diodes  in  particular.  In  a  recent  review 

article,  the  present  state  of  microwave  power  combining  techniques  was 

effectively  summarized  by  Russell,1  to  which  the  reader  is  referred  for 

an  in-depth  discussion  of  various  combiner  types  and  their  performance. 

Basically,  at  the  circuit  level,  combiners  can  be  classified  roughly  into 

two  categories,  N-way,  in  which  the  outputs  from  all  devices  are  combined 

in  a  single  step,  and  corporate  (hybrid)  or  serial,  in  which  increasing 

power  levels  are  successively  combined.  N-way  combiners  are  often 

additionally  separated  into  resonant  and  nonresonant  structures.  Examples 

2 

of  the  former  are  the  waveguide  combiner  of  Kurokawa  and  Megalhaes 
and  the  circular  cylindrical  TMQnQ  cavities  of  Harp  et  al. 3  6  Examples 
of  the  nonresonant  N-way  combiner  include  the  nonplanar  Wilkinson 
hybrid7  and  the  five-way  combiner- of  Rucker.8 

Each  of  these  power  combining  circuits  has  its  associated  per¬ 
formance  limitations,  design  criteria,  and  problems.  Corporate  or 
serial  combiners  have  the  advantage  of  isolation  between  devices  to 
eliminate  deleterious  interactions  and  provide  broadband  performance, 
but  have  the  disadvantage  of  often  substantial  circuit  and  combining 
losses,1  often  at  high  power  levels.  Resonant  N-way  combiners  require 
stabilization  resistors  to  suppress  device-device  interactions  and 
undesired  oscillation  modes  in  a  high-Q  cavity  leading  to  narrow-band 


-1- 


although  high-efficiency  combining.  Nonresonant  N-way  structures 
usually  provide  larger  bandvidths  with  a  corresponding  increase  in 
the  mode  suppression  problem.  Rucker's  technique8  analyzed  by  Kuro- 
kawa9  has  been  successful,  as  has  apparently  been  a  conical  line 
technique.10  Radial  arrays  of  equally  spaced  TEM  lines  have  been  used 
successfully  for  transistor  power  combining.11 

The  combining  circuits  analyzed  in  this  report  could  perhaps 
be  classified  as  N-way  nonresonant  transmission-line  networks.  As 
opposed  to  other  networks  of  this  type,  however,  the  "circuit"  and 
"device"  properties  are  closely  intertwined  such  that  each  cannot  be 
specified  independently.  Hence  the  combiner  represents,  in  some  sense, 
an  optimal  integration  of  device  and  circuit  to  perform  the  power 
adding  function.  Both  lossless  and  resistivity  stabilized  symmetrical 
combining  circuits  are  considered  and  can  provide  the  desired  suppression 
of  the  unwanted,  nonpower-producing  modes  while  affording  design  flexi¬ 
bility  in  the  power-producing  mode.  Lossless  combiners  require  and 
make  use  of  the  band-limited  negative-resistance  properties  of  IMPATT 
diodes  to  provide  stable  and  reasonably  broadband  operation.  Values  of 
TEM-line  impedances,  lengths,  and  stabilization  resistances  are  deter¬ 
mined  by  the  IMPATT  properties,  rather  than  by  conventional  match  and 
isolation  requirements  in  power  adders /dividers. 7 ,lz  With  negative- 
resistance  diode  terminations,  the  concept  of  "match"  in  particular 
is  not,  a  priori,  a  useful  condition. 

Of  particular  importance  in  N-way  combiners  with  active  termina¬ 
tions  is  the  suppression  of  all  undesired  modes  of  oscillation.  For 
circuits  with  certain  symmetry  properties  and  identical  active  termina¬ 
tions,  the  various  modes  and  their  associated  oscillation  conditions 
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can  be  specified  in  all  but  unusual  circumstances, 
for  avoiding  unwanted  modes  can  then  be  investigated  systematically. 

In  Section  2,  the  basic  combiner  circuit  and  its  symmetry  properties 
are  defined.  The  condition(s)  for  oscillation  are  reviewed  and  speci¬ 
fied  in  terms  of  circuit  eigenvectors  and  eigenvalues  for  the  case  of 
identical  active  devices.  Appendix  A  expands  on  stability  considerations 
and  "other  modes"  of  oscillation  arising  from  nonlinear  and  nonidentical 
active  device  terminations. 

Radially  symmetric  lossless  TEM-line  combiners  having  N-l 
eigenvalue  degeneracy  are  analyzed  with  examples  in  Section  3.  It  is 
shown  that  diode  properties  specify  combiner  TEM-line  characteristic 
impedance  and  line  length  for  unwanted  mode  suppression  and  that  circuit 
design  for  the  power-producing  mode  is  relatively  straightforward. 
Examples  are  given  for  a  30-W,  ten-diode ,  X-band  microstrip  combiner 
and  a  millimeter-wave  (90  GHz)  combiner.  The  effect  of  diode  failure 
in  those  lossless  circuits  (Appendix  B)  is  seen  to  be  fairly  "grace¬ 
ful"  by  usual  standards. 

Resistive-stabilized  TEM-line  symmetric  combiners  are  discussed 
in  Section  h.  Examples  of  practical  and  realizable  stabilization  net¬ 
works  and  their  relation  to  diode  and  combiner  properties  are  given. 
Values  of  stabilizing  resistors  are  specified  in  terms  of  device  nega¬ 
tive  conductance  level  and  the  number  of  diodes  combined.  As  an  example, 
a  detailed  analysis  of  a  100-W,  ten-diode,  X-band  microstrip  combiner 
is  presented. 

An  overall  summary  of  the  results,  conclusions  and  comparison 
with  other  techniques  is  given  in  Section  5- 
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2.  Combiner  Description  and  Stability  Considerations 

Combiner  Description.  A  general  power  combining  network  for  use 
with  negative-resistance  devices  is  shown  in  Fig.  1.  The  combiner  has 
N  ports  for  active  device  terminations  and  one  poi+  for  common  excita¬ 
tion  and  output  power  extraction.  It  is  assumed  that  the  combiner  has 

certain  symmetry  properties  such  that  its  admittance  matrix  Y  can 

— e 

be  written  as 


where  the  N  x  N  matrix  _Y  defined  as 

1  -  tyJ 

mn 

has  the  element  properties  that 


ym+k,n+k  ~  ymn  ~  ynm  ’  ^ 

where  the  subscripts  are  modulo  N.  The  interpretation  of  Eq.  3  is 

that  the  combiner  has  radial  symmetry  with  any  row  of  Y  a  "rolled"  version 

of  any  other  row.  Along  with  reciprocity,  this  implies  that  Y  has  at 

most  N/2  +  1  distinct  elements  if  N  is  even  and  (N+l)/2  distinct  ele- 

2 

ments  if  N  is  odd.  Except  for  certain  hybrid,  resonant  cavity  and 
graduated  coupling  structures ,  most  useful  power  combiners  have  the 
symmetry  properties  indicated  above. 


'IG.  1  A  GENERAL,  N-NEGATIVE- RESISTANCE-DIODE  POWER-COMBINING  NETWORK. 


Terminations.  Ports  1  through  N  of  the  combiner  will  be  terminated 
in  active,  nonlinear  devices.  It  is  assumed  that  the  device  on  port  k, 

1  =  k  =  N  can  be  represented  by  its  admittance  describing  function 
Ydk((*)»|vkl  ) »  where  |v^|  is  the  amplitude  of  the  RF  voltage  at  port  k  and 
a)  is  the  frequency.  At  port  0,  the  termination  is  Y  (oj)  with  excitation 

1j 

IT .  The  termination  matrix  is  thus  written  as 
L 

It  =  diagtYL(u1),Ydl((o,lvJ) . Y^U ,  |VN| )  ]  .  [k) 

Condition  for  Oscillation.  Of  particular  interest  for  multidiode 
combiners  is  system  stability  when  devices  are  capable  of  interacting 
with  one  another.  The  condition  for  oscillation  for  the  combiner  can 
be  written  as 


(Y  +YJV  =  0 

—c  — t  —  — 

where 


(5) 


V  =  [V  V  V  ...  V-  ]+  (6) 

—  o  1  2  N 

is  the  vector  of  port  voltages  and  0  is  the  empty  vector.  For  a  given 
termination  Y^  at  port  0 , 


V 

o 


od 


N 

l 

k=i 


y  +  yt 

^  oo  L 


and  the  condition  for  oscillation  becomes 


(Y'  +  Y?  )V*  =0'  , 

—  — t  —  — 


(7) 


(8) 


where  the  primed  quantities  are  associated  only  with  ports  1  to  N,  and 
the  elements  of  Y’  =  [y '  ]  are  given  by 
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*vv  ^  «wr»*  •'.%** ■ 


y 1 

mn 


mn 


y 


oo 


2 

od 

+  Y 


(9) 


The  matrix  Y’  retains  the  symmetry  properties  of  Y.  Nontrivial  solutions 

to  Eq.  8  are  the  modes  of  oscillation  for  the  system. 

Modes  of  Oscillation.  The  eigenvectors  x,_  and  associated  eigen- 

values  X„  for  the  symmetric  matrix  Y1  are  obtained  from 
K 

I'ik  =  (10) 

and  are  given  by 


and 


_1 

/jj" 


1 

Jka 
j2k  a 


J (N-l )ka 


k  =  0  to  N  -  1 


(ID 


N 

y  y  ’  e 
t-  Jmn 
n=i 


jka(n-i ) 


k  =  0  to  N 


,  any  m 


(12) 


where  a  =  2tt/N.  The  eigenvector  and  corresponding  eigenvalue  Xq  are 
associated  with  the  in-phase  desired  power-producing  mode  for  the  combin¬ 
er,  while  the  other  x^  and  X^  are  associated  with  "rotating"  or  anti¬ 
phase  modes  of  no  output.  Using  Eq.  9  in  Eq.  12  shows  that 

N  Ny2^ 

Xo  =  l  ymn  "  Y - 5t  ’  m  (13a) 

n=i  oo  L 


-7- 


and 


N 

,  _  v  jka(n-i)  ,  ,  .  ,T  . 

A,  =  )  y  e  ,  any  m  ,  k  =  1  to  N  -  1 

k  L  mn 

n=i 

(13b) 

Hence,  the  A,  ,  1  =  k  =  N  -  1  are  the  same  for  the  matrices  Y  and  Y' 
and  are  independent  of  the  load  admittance.  The  number  of  distinct 
eigenvalues  is  the  same  as  the  number  of  distinct  values  of  the  ymn, 
which  is  N/2  f  1  for  N  even  and  (N  +  l)/2  if  N  is  odd. 

Possible  solutions  to  Eq.  8  are  now  seen  to  be 

_  Y!  =  AJ  forV'  =  /ft  Vx  ,  (lU) 

o  K  K. 

where  V  =  |v|,l*n*M,or  equivalently 

-  Ydn(jo>,|Vn|)  =  -  Yd(j«o,V)  =  Ak(ju>)  ,  (15) 

i.e.,  all  Y„  are  the  same.  In  this  case,  the  zeroth  mode  (A  )  is  the 
dn  o 

power- producing  mode  and  would  require  a  stable  solution  to 

-  YdUu,V)  *  Ao(jw)  (16) 

for  oscillation.  Any  stable  antiphase  modes  characterized  by  =  0 
(V  =  0  from  Eq.  7)  would  need  to  be  suppressed  for  the  combiner  to 
operate  properly.  In  this  case  of  identical  active  devices,  circuit 
design  must  provide  the  proper  value  of  Aq  for  oscillation  or  amplifi¬ 
cation  while  suppressing  the  other  modes.  Since  the  A^  in  Eq.  13b 
are  independent  of  Y  and  depend  only  on  the  inherent  properties  of  the 
combiner  circuit,  a  stable,  even-mode-only  design  is  possible  in 
principle. 
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gear 


Other  Modes.  Additional  modes  to  those  outlined  above  are 
possible  in  the  combiner  because  the  devices  are  nonlinear  and  can  be 
nonidentical.  One  such  mode,  pointed  out  by  Kurokawa,9  was  based  on 
a  perturbation  analysis  and  found  to  be  very  unlikely  to  exist  because 
of  the  device-circuit  relation  required.  The  case  of  other  modes  is 
treated  in  Appendix  A,  where  more  general  stability  conditions  than 
Kurokawa' s  are  derived.  The  results  seem  to  indicate  that  other  modes 
require  that  unusual  device-circuit  conditions  exist,  at  least  when 
the  devices  are  nearly  identical. 

_3.  Lossless  ,  Radial-Symmetric  ,  TEM-Line  Combiners 

Degenerate  Eigenvalue  Networks.  A  combining  network  which  is 
lossless  and  obeys  the  symmetry  properties  given  in  Section  2  has  eigen¬ 
values  A  ,  1  =  k  =  N,  that  are  purely  imaginary  since  the  y  in 
K  mn 

Eq.  13b  are  all  imaginary.  Clearly,  for  the  rotating  modes,  all  the 
power  into  the  network  must  be  returned.  Hence,  rotating  mode  suppres¬ 
sion  under  active  device  terminations  in  such  a  combiner  requires  that 
there  are  some  lossless  networks  which  can  terminate  the  active  device 
in  a  stable  manner  and  that  these  networks  are  realizable  in  a  power 
combining  circuit  and  represent  the  A  ' s. 

These  criteria  can  be  achieved  using  IMPATT  diodes  and  a  simple 
TEM-line  power  combining  circuit.  Under  certain  conditions,  the 
band-limited  negative-resistance  properties  of  IMPATT  diodes  in  com¬ 
bination  with  TEM  lines  of  suitable  length  and  characteristic  imped¬ 
ance  can  provide  a  stable  combiner  in  which  only  the  even  mode  can 
exist . 

The  simplest  combiner  of  this  type  is  a  TEM-line  network  as  shown 
in  Fig.  2.  An  array  of  identical  transmission  lines  is  placed 
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symmetrically  around  a  "hub"  where  power  is  extracted,  with  the  lines 
terminated  in  IMPATT  diodes.  For  this  network,  it  is  assumed  that 


ymn  =  °  ’  m  4  n 


(IT) 


so  that  the  eig-uival  ues 


are  degenerate  and 


A 


k 


y  Uw) 
1 1 


-  jYQ  cot  Bf-  ,  1  =  k  =  N 


(18) 


for  all  the  rotating  modes.  The  eigenvalue  A  associated  with  the  even 

o 

mode  is  then  given  by 


NY2  esc2 


i'U 


*  -  jV0  cot  M  .  y  -  _  ,v  ■  eot  6e 


(19) 


where  B  is  the  propagation  factor,  so  that  A^  represents  the  input 
admittance  of  a  TEM  line  terminated  in  an  effective  admittance  of 

V- 

The  assumption  of  eigenvalue  degeneracy,  or  equivalently, 
zero  coupling  between  lines  simplifies  the  design  problem  and  illus¬ 
trates  the  appropriate  device-circuit  interaction  for  stability.  This 
criteria  can  be  approximately  met  in  practice,  especially  if  the  number 
of  diodes  is  not  too  large.  For  slight  coupling  between  lines,  such 
that  the  eigenvalues  are  not  too  different,  an  appropriate  design  can 
still  be  achieved  in  many  cases.  This  point  will  be  clarified  later 
in  this  section. 

Rotating  Mode  Stabi 1 i ty .  Stability  of  the  rotating,  modes  for  the 
degenerate  case  requires  that  there  be  no  stabi e  solutions  to 


Yd(ju.,V)  -  JYq  cot  BU  =  0  , 


(20) 
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for  any  combination  of  w  and  V,  where  identical  diodes  have  been  assumed, 
or  equivalently , 


Re{Yd(jw,V)}  =  GdU,V)  =  0 


(21a) 


and 


Im{Yd( Joj.V)}  =  Bd(u>,V)  =  Yq  cot  B l  . 


(21b) 


If  Vq(u))  is  the  voltage  required  at  any  w  to  satisfy  Eq.  21a,  then  the 

associated  diode  susceptance  B,  (oj)  is  obtained  as 

■  dg 


B ,  (u )  =  B.[w,V  U)]  . 

ag  a  o 


(22) 


Since  the  IMPATT  diode  has  a  band-limited  negative  'conductance  ,  any 
solutions  to  Eqs.  20  or  21  need  be  considered  only  over  a  certain  band 
of  frequencies.  A  typical  plot  of  the  nonlinear  admittance  properties 
of  an  IMPATT  diode  is  shown  in  Fig.  3,  indicating  the  limited  negative- 
resistance  bandwidth.  The  conductance  first  becomes  negative  near  the 
"avalanche"  frequency ,  goes  through  a  maximum  and  becomes  positive  again 
at  a  frequency  determined  by  the  device  carrier  transit  time.  Of  impor¬ 
tance  in  Eqs.  20  or  21  is  that  large-signal  levels  can  decrease  the 
diode  conductance,  especially  at  the  lower  frequencies.  In  fact,  a 
passive  admittance  at  small  signal  levels  can  become  active  for  certain 
drive  levels  and  frequencies.  As  evident,  the  effect  of  this  is  to 
make  the  solution  to  Eq.  21a  double  valued,  providing  two  values  of 

B,  at  some  frequencies.  This  must  be  considered  when  designing  to 
dg 

avoid  the  conditions  of  Eqs.  20  or  21. 

Several  types  of  device  and  circuit  interactions  are  indicated 
in  Fig.  U,  where  Bdg(oj)  is  compared  to  several  circuit  functions 
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FI 'I.  3  A  TYPICAL  ADMITTANCE  PLANE  PLOT  OF  THE  NONLINEAR 
PROPERTIES  OF  AN  IMPATT  DIODE. 
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DEVICE  SUSCEPTANCE  OR  NEGATIVE  CIRCUIT  SUSCEPTANCE 


Y^  cot  gi.  Dispersionless  TEM  lines  are  assumed.  The  maximum  frequency 

of  zero  conductance  is  w  and  the  minimum  frequency  is  to  .  The  end 

m  c 

points  of  the  curve  correspond  to  solutions  of  Eq.  21a  with 
V  =  0  (small  signal).  Circuit  functions  A  through  D  all  result  in  solu¬ 
tions  to  Eq.  20  from  improper  selection  of  Yq  and/or  line  length  1.  Only 
circuit  admittance  E  will  provide  a  stable  situation.  From  Fig.  U  it  is 
clear  that  stability  can  be  avoided  by  choosing  Yq  and  £  such  that 

Y  cot  8(u!  )l  =  B  (23a) 

o  c  c 

and 


Y  cot  8(uj  )l  =  B 
o  m  m 


(23b) 


where  B  and  B  are  defined  in  Fig.  4.  Using  B  and  o>  as  shown  in  Fig. 
cm  c  c 

h  is  sufficient  in  Eq.  23a  but  not  always  necessary  as  apparent  from 

curve  E.  The  best  choice  for  B  and  w  depends  on  the  nature  of  B, 

c  c  dm 

for  the  devices  considered. 

Conditions  (23)  can  perhaps  be  visualized  somewhat  easier  on  the 

Smith  chart  as  shown  in  Fig.  5,  where  -  B^/Y^  =  -  B^  is  compared  to 

-  cot  Ql.  The  circuit  appears  as  a  length  of  shorted  TEM  line  and  the 

angle  8(a))  of  its  normalized  admittance  measured  as  shown  is  simply 

2B(u>)!.  Hence,  stability  requires  that  8(w  )  =  arg  (-B  )  and  8(w  )  -  2ir 

c  cm 

<  arg  (-B  ).  This  translates  unambiguously  to  the  stability  conditions 
m 

given  by 


8(u)  )  ^  8  =  it  +  2  tan"1  (-  B  ) 

c  c  c 


(214a) 


and 


e(u)  )  =  e  =  2tt  -  2  tan-1  (-  l/B  )  , 

mm  m 


(2Ub) 
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where  the  tan  1  is  either  in  the  first  or  fourth  quadrant. 

The  line  length  i  determines  the  values  of  6  and  6  and  the  nor- 

c  m 

malization  admittance  scales  the  values  of  Bc  and  B  .  An  appropri¬ 
ate  combination  can  often  provide  stability.  Since  B  varies 
essentially  linearly  with  frequency,  it  is  apparent  from  Figs.  4 

or  5  that  the  diode  must  have  oi  /w  5  2  in  order  to  satisfy  Eq.  24. 

m  c 

Other  solutions  to  Eqs.  23  are  possible,  and  using  the 
same  arguments  as  for  obtaining  Eqs.  2b  leads  to  conditions  that 

9  =  (2n  -  l)ir  +  2  tan-1  (-  B  ) 

c  c 

0  =  2n-n  -  2  tan-1  (-  1/B  ) 

m  m 


(25a) 

■  n  =  1,2,3,. . . 

(25b) 


or 


0  =0  =  -  2  tan  1  (-  l/B  )  .  (25c) 

cm  m 

Solutions  to  Eqs.  25a  and  b  for  n  >  1  requires  the  diode  active 

bandwidth  to  reduce  such  that  w  /u  =  2n/(2n  -  l),  but  uses  longer 

m  e 

line  lengths.  Solution  to  Eq.  25c  requires  B  >  0  and  short  line 

m 

lengths  but  can  accommodate  large  active  bandwidths.  Generally, 
the  only  practical  solution  turns  out  to  be  that  available  from 
Eq.  24,  but  it  is  interesting  to  consider  the  implications  of  Eq. 

25  assuming  IMPATT  diodes  having  Bc  s  0  and  B^  >  0.  With  dispersion¬ 
less  lines  so  that  0  =  o0  ,  where  a  *  u>  /w  ,  then  Eq.  25b  gives 

me  me 
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-  2  tan  -  — - 


l=a  = 


which  in  combination  with  Eq.  25c  gives  the  bandwidth-line-length 
limitations  shown  in  Fig.  6.  Maximum  bandwidth  occurs  when 
Yq  “  °r  -*■  0  in  Eq.  26  which,  of  course,  is  not  a  practical 
limitation.  It  is  cleat  i.hat  many-diode  large-volume  lossless 
combiners  require  diode  band- 1 imiting. 

The  greatest  design  flexibility  is  afforded  through  use  of 
the  stability  conditions  (£qs.  2k),  and  designs  based  on  these  re¬ 
lations  will  be  treated  in  the  rest  of  this  section.  Of  course, 
Eqs.  2k  must  be  satisfied  for  all  reasonable  values  of  RF  voltage 
V,  which  can  often  be  done  as  is  shown  by  example,.  If  p  is  defined 


then  for  dispersionless  lines,  Eqs.  2k  can  be  manipulated  to  give 


„  >  _  ^  -l  — 

9  =  ir  -  2  tan  pB 

c  m 


(28a) 


cot  1  B  +  a  tan  pB  =  •?■  (o  -  2) 
m  me 


(28b) 


For  a  diode  with  given  a  and  p ,  the  equality  in  Eq.  28b  can  be  used 
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to  find  e.  rinimum  value  of  B  from  which  a  value  of 

m 

Y  "  B  /B  can  be  determined.  The  equality  in  Eq.  28a  then 
o  m  m 

gives  the  required  0  .  Shown  in  Fig.  7  is  a  plot  of  (2/i?)  cot-1  B 

C  ] 

as  a  function  of  a  for  various  p  values  obtained  from  Eq.  28b. 

The  graph  has  four  sectors  with  the  upper  two  corresponding  to 

chip  devices  with  B  >0.  Typically  silicon  devices  have  B  <  0 
HI  c 

or  p  <  0 ,  while  GaAs  devices  have  p  >  0 ,  the  latter  having  greater 
design  flexibility  and  less  bandwidth  limitation.  Note  that  for 
silicon  with  p  <  0,  added  shunt  C  improves  stability,  but  at  the 
obvious  expense  of  diode  Q  and  negative-resistance  level.  When 
using  Fig.  7»  it  should  be  remembered  that  it  represents  the 
solution  to  the  equality  in  Eq.  28b,  and  there  can  be  diode  cases 
where  the  inequality  holds,  providing  stability  margins. 

Finally,  by  writing  B  as 


B 

m 


b  A/Y 
m  o 


(29) 


where  A  is 
area,  then 


the  diode  area  and  bm  is  the  susceptance  per  unit 

if  a  maximum  value  of  B  =  B  exists, 

m  m  ,max 


max 


B 

m,max 

b 

m 


(30) 
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FIG.  7  LIMITATIONS  ON  THE  VALUE  OF  B  AS  A  FUNCTION  OF  ACTIVE 

m 

BANDWIDTH  WITH  p  =  B  /B  AS  A  PARAMETER.  GREATEST  DESIGN 

c  m 

FLEXIBILITY  OCCURS  FOR  p  >  0  AND  a  =  co  /a>  <2. 

m  c 


Hence  a  maximum  A/Yq  product  for  the  diode  combiner  exists  for  stability- 

reasons.  In  practice,  the  maximum  area  and  power  capability  of  the  diode 

will  be  determined  both  by  physical  constraints  on  Y  and  thermal 

o 

resistance  as  related  to  diode  area. 

Even-Mode  Design  Considerations .  Within  the  confines  imposed  by 
the  stability  constraints  above,  certain  considerations  should  be  given 
to  the  even-mode  oscillator  or  amplifier  design.  For  the  circuit  of 
Fig.  2,  each  diode  admittance  will  be  rotated  through  the  length  of 
TEW  line  and  added  to  N  -  1  essentially  identical  admittances  at  the 
combining  point.  An  equivalent  circuit  for  this  is  shown  in  Fig.  8, 
assuming  identical  diodes.  Practical  considerations  dictate  that  the 
total  admittance  level  at  the  combining  point  should  have  reasonable 
values  around  the  design  frequency.  Since  adding  together  N  diodes 
acts  like  an  ideal  impedance  transformer,  the  optimum  situation  is  to 
have  the  admittance  real  at  the  design  frequency  in  an  antiresonance 
mode.  Again,  the  nature  of  the  IMPATT  admittance  and  the  TEM  line 
lengths  required  for  mode  stability  can  often  allow  this  condition  to 
be  met,  making  realization  of  the  desired  load  admittance  Y 

L 

s t rai ght f o rwar d . 

Diode  Design  Considerations .  The  combining  technique  indicated 
here  requires  proper  design  of  both  diode  and  circuit.  Circuit  design 
flexibility  is  enhanced  by  using  diodes  which  have  active  bandwidths 
wffl/wc  s  2  and  optimum  frequencies  appropriate  for  simplified  even-mode 
design.  Fortunately,  the  design  of  IMPATT  diodes  and  the  technology 
for  fabricating  them  has  advanced  to  the  point  where  the  above  device 
goals  are  likely  achievable.  With  the  proper  doping  profile  and  bias 
current  density,  wc  ,w  and  the  design  frequency  can  be  controlled  to 
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FIG.  8  AN  EQUIVALENT  CIRCUIT  FOR  THE  N-DIODE  TEM-LINE  COMBINER 


FROM  AN  ADMITTANCE  POINT.  THE  POWER  IN  Y.  IS  N  TIMES 

L 


THE  POWER  GENERATED  BY  Y. 
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simplify  combiner  design.  Examples  of  combiner  design  using  this  method 
are  now  given. 

A  Ten-Diode  X-Band  25-W  Microstrip  Combiner.  The  admittance 
properties  Y^(jw,V)  of  an  X-band  GaAs  Read  HI-LO  IMPATT  diode  used  for 
a  design  example  are  shown  in  Fig.  9-  These  characteristics  were  deter¬ 
mined  experimentally  using  large-  and  small-signal  measurements  and 
de-embedding  techniques.  For  this  diode,  the  dc  bias  current  was  150 
mA  with  a  voltage  of  approximately  66  V  under  large-signal  conditions. 
The  optimum  frequency  and  RF  voltage  level  are  at  9-5  GHz  and  1+0  V, 
respectively,  providing  an  output  power  of  2.64  W  at  approximately  27- 
percent  efficiency. 

As  seen  from  Fig.  9,  both  and  Bc  are  positive  and  the  active 

bandwidth  u  /w  <2,  allowing  substantial  freedom  in  the  choices  of  Y 
me  o 

and  H  for  the  combining  lines.  Appropriate  choices  for  these  parameters 
can  thus  be  made  so  that  the  optimum  power  admittance  for  the  diode 
viewed  at  the  common  combining  point  will  lie  on  the  real  axis  with  a 
normalized  admittance  value  less  than  unity.  0^  is  defined  ps  the  angle 
in  the  reflection  coefficient  plane  of  the  optimum  normalized  diode 
admittance,  i.e.. 


tar.  0. 
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2(-  Bdo> 


do 


+  B 


do 


-  1 


(31) 


where  Y.  =  G.  +  JB.  is  the  Y  -normalized  optimum  power  admittance  at 
do  do  do  o 

frequency  oj0-  For  the  optimum  admittance  to  rotate  to  the  real  axis  at 

the  combining  point  as  shown  in  Fig.  10  requires  that  6^  =  ( u)q /<^c  ) ®c  -  11 

or,  using  9  =  it  -  2  tan  1  pB  , 

c  m 
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IMPATT  DIODE  AS  DETERMINED  EXPERIMENTALLY. 
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(32) 


Combining  Eqs.  32  and  31  and  letting  Q,  =  B,  /G.  gives 

d  do  do 
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tt  —  2  tan  p  • 
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The  optimum  choice  for  0^  is  tt/2  since  this  will  maximise  the  reflection 

coefficient  magnitude  of  Y,  .  However  such  a  choice  in  this  case  would 

do 

require  the  use  of  lines  with  unreasonably  large  values  of  Y  .  For  this 

design,  a  choice  of  Zq  =  1/Yq  of  35  ft  was  used  resulting  in  B^o  =  2.1U, 

0  =  2.83  and  0.  =  0.88  with  p  =  0.051  and  to  =  6.7  GHz. 

c  d  c 

Shown  on  the  Smith  chart  of  Fig.  11  are  the  normalized  diode 
admittance  characteristics  before  and  after  rotation  through  the  line  to 
the  combining  point  and  the  characteristics  resulting  from  a  ten-diode 
combiner.  It  should  be  clear  why  the  optimum  power  point  should  lie  on 
the  real  axis  for  simplest  oscillator /amplifier  design..  Optimum  oscilla¬ 
tor  performance  at  9*5  GHz  for  the  ten-diode  combiner  now  requires  a  load 

admittance  of  Y  =  0.2,  Y  =  0.0057,  or  Z  =  175  ft.  This  could  easily 
Li  O  Li 

be  realized  by  using  a  \/h  transformer  from  a  50-ft  output  impedance 
level. 

As  a  stable  amplifier,  this  combiner  would  have  very  low  gain 
since  the  normalized  load  admittance  would  have  to  be  greater  than  1.8 
to  avoid  any  oscillation,  as  can  be  seen  from  Fig.  11.  However,  the 
combiner  could  be  used  as  an  injection  locked  oscillator  to  provide  maxi¬ 
mum  diode  power  capability  with  any  desired  locking  gain.  As  an  example 
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FIG.  11  NORMALIZED  DIODE  CHARACTERISTICS  OF  FIG.  9  BEFORE  AND  AFTER 
LINE  ROTATION  TO  THE  COMBINING  POINT.  ALSO  SHOWN  IS  THE 
RESULT  OF  COMBINING  TEN  DIODES.  THE  VALUE  OF  Y.  CHOSEN  WAS 

Li 

FOR  A  LOCKED  OSCILLATOR  GAIN  OF  APPROXIMATELY  10  dB  AT 
9.5  GHz  FOR  TEN  DIODES. 
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of  performance  as  a  locked  oscillator,  a  normalized  load  admittance 
of  0.4  was  selected  to  achieve  approximately  10  dB  of  locking  gain  at 
9.5  GHz  with  an  optimum  input  RF  level  of  3  W.  The  locking  trajectory 
on  the  device  curves  as  a  function  of  frequency  is  shown  in  Fig.  12 
from  9  to  10  GHz.  This  trajectory  was  obtained  by  graphically  solving 
the  locking  equation 

IL 

Yd(ja).,V)  +  Yc(ja).)  =  rf-  ,  (34) 


where  Y^  is  the  circuit  admittance  seen  by  the  diode  and  1^  is  the  equiv¬ 
alent  locking  source  related  to  the  injected  power  P  by 

Li 


(35) 


From  the  analysis,  the  predicted  power  vs.  frequency  response  of  the 
locked  oscillator  is  indicated  in  Fig.  13  for  a  constant  RF  power  input 
of  3  W.  The  peak  output  power  is  30  W  at  9-5  GHz  with  a  3-dB  band¬ 
width  of  approximately  600  MHz. 

A  microstrip  realization  of  the  ten-diode  combiner  is  shown  in 
Fig.  14.  In  the  analysis  above,  tlje  effect  of  bond  wires  and  the  bias 
network  needed  were  neglected.  However,  there  is  so  much  design  margin 
with  the  diodes  used  that  proper  design  of  these  elements  will  not 
affect  rotating  mode  stability.  Line  lengths  can  be  shortened  appro¬ 
priately  to  account  for  bonding  lead  inductance.  Coupling  among  the 
various  combiner  lines  will  provide  nondegenerate  eigenvalues  which  will 
be  shifted  somewhat  from  the  degenerate  value.  For  the  expected  small 
coupling,  this  shift  can  be  handled  by  the  design  margin. 
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FIG.  12  DEVICE- CIRCUIT  INTERACTION  SHOWN  IN  DEVICE  ADMITTANCE  PLANE  FOR 
THE  X-BAND  LOCKED  OSCILLATOR.  THE  LOCKED  OSCILLATOR  TRAJECTORY 
IS  ALSO  SHOWN. 
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FREQUENCY,  GHz 


FIG.  13  LOCKED  OSCILLATOR  GAIN  VS.  FREQUENCY  FOR  THE  X-BAND  OSCILLATOR 
AT  A  CONSTANT  RF  LOCKING  SIGNAL  POWER  OF  3  W.  THE  1-dB 
BANDWIDTH  IS  ALMOST  300  MHz. 
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COMBINER  OF  FIGS.  12  AND  13 


A  Millimeter-Wave  Example.  In  this  example,  the  properties  of 
a  millimeter-wave  double-drift  silicon  IMPATT  diode  are  used  to  develop 
the  associated  circuit  design  constraints.  Realization  of  a 
symmetrical  TEM-line  combiner  at  millimeter  wavelengths  would  likely 
require  the  use  of  millimeter-wave  integrated  circuit  technology. 

Shown  in  Fig.  15  are  the  admittance  per  unit  area  (U/cm2) 
characteristics  of  a  silicon  millimeter-wave  double-drift  IMPATT  diode 
at  a  current  density  of  30,000  A/cm2  and  temperature  of  500°K.  These 
properties  were  obtained  using  computer  simulation  programs  developed 
at  The  University  of  Michigan.13  This  particular  device  is  appropriate 
for  operation  in  the  80-  to  100-GHz  frequency  range.  The  maximum  power 
generated  by  this  IMPATT  profile  occurs  at  approximately  85  GHz  and  an 
RF  voltage  of  V  =  13  V  and  is  72. 75  kW/cm2. 

The  curves  of  Fig.  15  can  be  used  to  find  the  locus  bdg(oi),  i.e., 
the  curve  of  device  susceptance  at  the  RF  voltage  which  makes  gd(w,V) 

=  0  (see  Eqs.  21  and  22).  This  locus  is  shown  in  Fig.  16,  indicating 
the  typical  double-valued  behavior  at  the  lower  end  of  the  active  band¬ 
width  from  53  to  approximately  65  GHz.  Based  on  this  curve,  it  is 
possible  to  adjust  the  circuit  admittance  for  the  rotating  modes  to 
avoid  intersection  as  in  Eq.  23.  Since  the  device  is  specified  in  terms 
of  admittance  per  unit  area,  the  appropriate  line  characteristic 

admittance  will  be  normalized  to  the  device  area  A,.  It  is  desirable 

d 

to  have  the  Y^/A^  value  as  small  as  possible  or,  equivalently,  the 

A.Z  product  as  large  as  possible,  where  Z  =  1/Y  .  This  allows  a 
do  00 

maximum  area  and  RF  power  level  for  any  given  Z^  value.  The  stable 

solution  indicated  in  Fig.  16  has  A,Z  =  1.33  x  10-1*  ft-cm2 ,  with  2  a 

do 

quarter  wavelength  at  53  GHz  (dispersionless  lines  assumed).  This 


DIODE  OR  NEGATIVE  CIRCUIT  SUSCEPTANCE/cm 


value  of  AZq  gives  a  maximum  diode  power  impedance  product  PZq  =  9.68 

W-fi  at  approximately  85  GHz.  The  power  impedance  product  is  a  useful 

parameter  for  comparing  IMPATT  diodes  combined  in  this  way. 

Shown  in  Fig.  17  is  the  negative  device  admittance  from  Fig.  15 

plotted  on  the  Smith  chart  and  normalized  to  the  (Yq/A  )  value  given 

above.  The  combiner  line  length  results  in  the  maximum  power  negative 

device  admittance  at  87  GHz  rotating  to  the  real  axis  at  the  combining 

point  to  provide  a  normalized  value  of  0.08.  Hence,  for  an  N  diode 

combiner  oscillating  at  87  GHz  and  maximum  device  power,  Y  would  be 

L 

chosen  as 

Yt  =  0.08  NY  ,  A./Y  =  1.33  x  10-4  Q-cm2  .  (36) 

L  o  d  o 

For  an  injection  locked  oscillator,  Y  can  be  chosen  larger  than  in 

.L 

Eq.  36  depending  on  the  locking  gain  desired.,  A  locking  gain  of  10  dB 

occurs  for  YT  =  0.l6  NY  . 

L  o 

The  locked  oscillator  trajectory  for  the  case  of  approximately 
10  dR  of  locking  gain  at  87  GHz  is  shown  on  the  device  characteristics 
in  Fig.  18.  As  with  the  previous  example,  this  curve  was  found  by  a 
graphical  solution  to  Eq.  3**  while  holding  the  injected  power  Zq  level 
constant  at  1.15  W-fl  per  diode.  A  curve  of  the  locking  gain  vs.  fre¬ 
quency  is  shown  in  Fig.  19  and  it  indicates  a  3-dB  bandwidth  of  approx¬ 
imately  15  GHz  and  a  1-dB  bandwidth  of  nearly  9  GHz. 

For  this  example,  the  value  of  Zq  was  not  specified  but  the  value 
of  AZq  had  a  max: mum  value  of  1.33  x  10  ft-cm  .  How  this  product  is 
shared  between  A  and  Zq  depends  on  two  factors  in  particular.  The  device 
area  must  be  consistent  with  the  associated  thermal  resistance  to 
achieve  normal  operating  temperatures,  and  there  will  be  a  lowest  value 
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FIG.  17  THE  ADMITTANCE  CURVES  OF  FIG.  15  NORMALIZED  TO  Y  /A 

o 

AND  PLOTTED  ON  THE  SMITH  CHART.  THE  MAXIMUM  POWER 
ADMITTANCE  AT  87  GHz  MAPS  TO  A  REAL  VALUE  AT  THE 


COMBINING  POINT 


80  84  88  92  96  100 

FREQUENCY,  GHz 


FIG.  19  LOCKED  OSCILLATOR  OUTPUT  POWER  VS.  FREQUENCY  OBTAINED  FROM 

FIG.  18  FOR  CONSTANT  INJECTED  POWER.  IN  THIS  CASE, 

P.  .Z  /N  =  1.15  W-fi.  A  1-dB  BANDIWDTH  OF  APPROXIMATELY 
inj  o 

9  GHz  IS  PREDICTED. 
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of  Zq  for  practical  realization  with  the  millimeter-wave  integrated  circuit 
technology.  If  Zq  =  20  fi,  for  example,  since  PZq  =  9*68  W-fi  per  diode, 
the  power  added  per  device  is  approximately  0.5  W.  Under  pulsed  condi¬ 
tions  of  high  current  density  and  higher  device  power  per  unit  area, 
the  PZq  product  will  be  much  larger  and  this  combining  technique  could 
provide  substantial  total  power  at  reasonable  Zq  values. 

The  AZq  product  or  associated  PZq  product  for  a  given  device,  such 
as  the  last  example ,  can  be  increased  by  a  two-section  TEM  line  with 
appropriate  levels  of  characteristic  admittances  and  lengths .  This  tech¬ 
nique  is  outlined  in  Appendix  C  with  an  example. 

J*.  Resistive-Stabilized  Radial-Symmetric  Combiners 

Circuit  Description.  Resistive  stabilization  networks  embedded 
into  the  N+l-port  diode  power  combiner  can  provide  increased  design 
flexibility  over  the  lossless  case  while  still  retaining  rotating  mode 
suppression  properties.  The  penalty  is  typically  an  increase  in  combiner 
size  and  stored  energy  to  accommodate  the  stabilization  with  a  corres- 
ponding  reduction  in  combiner  bandwidth.-  In  addition,  the  circuitry 
becomes  more  complex,  although  the  use  of  chip  resistors  and  planar 
(microstrip)  geometry  results  in  fairly  straightforward  circuit  designs. 

Maximum  advantage  of  resistive  stabilization  is  possible  if  the 
circuit  retains  its  symmetry  properties  as  outlined  in  Section  2.  The 
type  of  stabilization  schemes  utilized  here  are  indicated  in  Figs. 

20a  and  b.  Basically,  a  lossless  N  +  1  port  combiner  is  augmented  by  a 
symmetrical  resistive  stabilization  network  as  in  Fig.  20a.  The  use  of 
primed  diode  admittances  indicates  that  the  diodes  may  be  themselves 
embedded  in  a  lossless  network  before  stabilization  occurs.  In  Fig.  20b, 


the  form  of  the  stabilization  network  is  given  showing  the  use  of 
identical  two-port,  symmetrical,  lossy  networks  Ng  sequentially  connected 
from  port  to  port  of  the  lossless  combining  network  of  Fig.  20a.  Such 
stabilization  could  easily  be  implemented  in  radial-symmetric  planar  net¬ 
works.  The  properties  of  these  networks  can  be  specified  so  that  all 
rotating  modes  are  suppressed  by  resistive  loading,  while  even¬ 
mode  combining  remains  lossless. 

Stabilization  Networks  and  Combiner  Eigenvalues .  The  form  of  the 
stabilization  does  not  change  the  symmetry  properties  of  the  combining 
network  and  the  eigenvectors  of  the  new  network  will  remain  unchanged. 

The  eigenvalues  will,  however,  be  modified  by  the  presence  of  and  the 
new  eigenvalues  A^,  0  =  n  =  N  -  1  can  easily  be  found  by  several  methods. 

With  reference  to  Fig.  20b,  the  equivalent  circuit  model  used  at 
the  sequential  combiner  ports  k,  t,  and  m  for  eigenvector  or  mode  n  is 
shown  in  Fig.  21a.  It  is  required  that  the  port-to-port  networks  be 
symmetrical  and  A^  is  the  nth  eigenvalue  of  the  lossless,  unstabilized 
combiner  network.  Furthermore,  the  stabilization  network  is  assumed  to 
be  of  the  form  indicated  in  Fig.  21b,  where  Gg  represents  a  stabiliza¬ 
tion  conductance  (chip  resistor)  placed  symmetrically  between  mirror 
image  lossless  networks.  These  networks  from  combiner  port  to  the  stabil 
ization  resistor  are  characterized  by  the  Y-matrix  given  by 

(37) 

which  is  not  necessarily  symmetrical. 


The  new  eigenvalues  can  now  be  found  from  the  requirement 


(38a) 


V  =  e~^na  V 
k  SL 


and 


V  =  e"Jna'  V 
x  m 


(38b) 


Analysis  of  the  circuit  of  Fig.  21a  with  decomposition  as  in  Fig.  21b 
with  the  voltage  constraints  above  shows  that  X^  is  given  by 


X'  =  X  +  Y 
n  n  ns 


(39) 


where 


ns 


=  2 


aa 


ab 

^bb 


ab 

*bb 


G  (1  -  cos  na) 
s 


*  2Gs 


(140) 


As  expected,  for  the  zeroth  (even)  mode,  Yqs  is  just  twice  the  open  cir¬ 
cuit  admittance  of  the  lossless  network  Y.  which  is  purely  imaginary.  Of 

— b 

course  Xq  is  a  positive  real  admittance  since  this  is  the  combining 

mode.  For  all  the  rotating  modes,  Re{X  }  =  0  but  Re{Y  }  >  0  because 

n  ns 

of  Gg,  and  stabilization  of  these  modes  is  possible  with  the  proper 

selection  of  G  and  Y,  so  that 
s  — b 


Y^(jw,V)  +  X^(ju>)  =  0 


(41) 


is  not  satisfied  for  any  m,V  where  the  diode  is  active. 

TEM-Line  Stabilization  Networks .  A  case  of  practical  interest  is 

to  have  Y^  represented  by  a  TEM  line  of  length  and  characteristic 

admittance  Y  so  that 
s 


and 


yaa  =  ybb 


jYs  cot  e*s 


yab  =  4  JYs  CSC  6*s  * 
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(42a) 


(42b) 


Use  of  Eq.  1*2  in  Eq.  1+0  shows  that 


ns 


=  Re{Y  }  =  2G  (l  -  cos  na) 

ns  s 


1  +  tan2  $1 


r2G. 


1  + 


(1*3) 


tan2  B£ 


As  a  function  of  frequency,  G  oscillates  between  minimum  and  maximum 

ns 

values  occurring  when  g£  takes  on  integral  values  of  tt/2.  Simplified 
design  for  mode  stability  is  possible  if  Gns  is  made  independent  of 
frequency  by  choosing 


so  that 


2G 

_ s 

Y 

o 


G  =  2G  (l  -  cos  na) 
ns  s 


Stability  of  mode  n  is  then  accomplished  simply  by  having 


(1*1*) 


(U5) 


G  > 
ns 


G'  • 
d  ,min 


(U6) 


where  G'  .  =  min{Re[ Y' (jw ,V) ] }  or  the  diode  minimum  negative  conduc- 

d,min  d 

tance.  Using  Eq.  U6  in  Eq.  1*5  require^ 


G  > 
s 


d  ,min 


2(1  - 


cos  na j 


(1*7) 


which  must  hold  for  all  rotating  modes.  The  worst  case  occurs  when 
na  =  ±  2tr/N  (n  =  1  or  N  -  l)  requiring 


G 

s 


for  overall  stability. 


G'  . 
d  ,mm 


(1*8) 


1*5- 


In  order  to  make  use  of  realizable  line  admittance  values  Y  , 
the  diode  admittance  may  have  to  be  transformed  through  a  low-loss 
network  to  such  that  Eq.  1*7  can  be  satisfied  in  a  practical  fashion. 

In  such  a  transformation,  the  number  of  diodes  :!  is  also  a  factor. 

For  the  desired  even  mode,  the  stabilization  network  results  in 

two  parallel  open  circuit  stubs  across  the  (transformed)  diode  of  length 

?  and  characteristic  admittance  Y  .  The  lenrth  of  these  lines  ctm  be 
s  s 

used  effectively  in  combination  with  the  rest  of  the  circuit  for  tuning 
and  impedance  matching  nurposes  in  the  even-mode  combiner  circuit,  design. 

A  Ten-Diode  100-W  X-P.and  Combiner.  For  t.his  example,  the  1KPATT 
devices  with  cnaracteristics  shown  in  Fig.  3  were  again  used  except 
each  diode  was  assumed  to  be  four  times  as  large'.  Therefore,  the 
admittance  of  the  device  would  be  scaled  (increased)  by  four  a:;  would 
the  RF  power  capability,  providing  10  W  per  diode.  The  size  increase  could 
be  obtained  by  doubling  the  diode  diameter  if  the  associated  thermal  resis¬ 
tance  was  consistent,  or  more  likely  by  using  a  diode  "quad."  With 
such  a  large  device  and  the  resulting  low  impedance  level,  the  lossless 
TPM  combiner  becomes  impractical  or  unrealizabii'.  It  is  impractical 
because  with  chip  devices  the  line  impedances  required  would  be  too 
low  to  realize  effectively,  and  if  a  low-loss  impedance  transformer  is 
used  on  the  chip,  the  resulting  increased  reactance  variation  makes 
rotating  mode  stability  difficult  or  impossible.  Hence,  a  stabilized 
design  is  required  for  a  reasonable  and  realizable  solution  for  the 
combiner. 

The  low  impedance  level  of  the  diode  dictates  a  low-loss  L-C 
impedance  level  transformation  near  the  diode  for  matching  purposes, 
at  some  expense  in  bandwidth.  In  addition,  at  the  stabilization  point, 
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the  peak  negative  conductance  of  the  transformed  diode  must  relate  to 
the  stabilization  line  admittance  Yg  as  in  Eq.  18,  i.e., 

Gd,min  <  •  <**> 

where  Yg  represents  a  practical  admittance  level  (-0.02  y).  To  satisfy 
Eq.  19  with  Yg  *  n.02  y,  the  circuit  of  Fig.  22a  was  assumed  and  the 
package  parasitics  and  line  parameters  were  adjusted  such  that 
-Gd  min  occurre(i  at  the  design  frequency  of  9*5  GHz.  Bonding  inductance 
and  blocking  capacitance  are  modeled  by  L_  and  CL  ,  although  their  effect 

.D  D 

is  minimal.  The  parameter  values  used  are  indicated  in  Fig.  22a. 

The  stabilizing  line  lengths  were  selected  to  provide  a  parallel 
resonance  at  9-5  GHz,  and  the  resulting  admittance  was  mapped  through  a 
half-wavelength  line  at  9-5  GHz  to  the  combining  point.  Hence,  the  total 
admittance  at  the  combining  point  adds  to  a  reasonable  and  realizable 
value.  The  negative  admittance  of  the  active  device  at  the  stabiliza¬ 
tion  point,  including  the  effect  of  the  stubs,  is  shown  on  the  Smith 
chart  plot  of  Fig.  23.  The  equivalent  circuit  for  the  combiner  is 
shown  in  Fig.  22b,  and  a  possible  microstrip  realization  is  given  in 
Fig.  2h.  Bias  circuit  elements  indicated  in  Fig.  2h  were  assumed  negli¬ 
gible  in  the  analysis.  It  may  be  necessary  to  use  the  "bias  circuit" 
elements  for  subharmonic  suppression  by  providing  a  series  resonance 
at  the  half  frequency  in  addition  to  a  high  impedance  at  9-5  GHz. 

The  value  of  Y  indicated  was  chosen  for  10  dB  of  locking  gain  at 
Li 

9.5  GHz. 

Shown  in  Fig.  25  are  the  device  admittance  curves,  the  circuit 
admittance  Yc(jw)  and  the  locked  oscillator  trajectory  for  a  peak 


FIG.  2k  A  POSSIBLE  MICROSTRIP  CIRCUIT  REALIZATION  OF  THE  COMBINER 

OF  FIG.  22b  INCLUDING  THE  USE  OF  PACKAGED  DEVICES  WITH  PROPER 
PARASITICS  AND  BIASING  NETWORKS . 
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FIG.  25  DEVICE-CIRCUIT  INTERACTION  FOR  THE  CIRCUIT  OF  FIG.  22b 

WITH  Y  ADJUSTED  FOR  10  dB  OF  LOCKED  OSCILLATOR  GAIN  AT 
L 

9.5  GHz-  THIS  PLOT  CAN  BE  COMPARED  TO  THAT  OF  FIG.  13. 
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locking  gain  of  10  dB  at  9*5  GHz  and  maximum  RF  power.  The  bandwidth 
reduction  from  the  previous  lower  power  lossless  design  is  apparent. 

Total  combiner  output  power  as  a  function  of  frequency  is  shown  in 
Fig.  26,  indicating  a  peak  output  level  of  117  W  at  9*5  GHz  and  10-dB 
gain.  As  before,  the  injected  power  level  was  held  constant  across 
the  band,  in  this  case  being  11.3  W.  The  3-dB  bandwidth  is  approxi¬ 
mately  270  MHz. 

Summary  and  Conclusions 

The  combining  circuits  studied  in  this  report  differ  from  other 
designs  primarily  because  the  circuit  design  is  more  heavily  constrained 
by  the  device  properties.  In  this  sense,  the  "device"  and  "circuit"  are 
not  separate  entities,  but  are  "matched"  to  each  other's  properties 
to  optimally  perform  the  power  adding  function.  Combiners  studied 
were  of  two  basic  types:  lossless,  radially  symmetric  TEM-line  cir¬ 
cuits  and  resistive  stabilized,  symmetric  TEM-line  combiners.  In  the 
former  case,  combiner  even-mode  stability  required  certain  device  and 
circuit  properties  which, when  achieved,  led  to  small  size,  low  stored 
energy,  potentially  high-power  combiners  at  both  microwave  and 
millimeter- wave  frequencies  as  shown  by  10-GHz  and  90-GHz  examples. 

Such  combiners  are  ideally  suited  to  integrated  circuit  techniques. 
Resistive  stabilization  of  the  combiner  circuit  is  required  for  use 
with  packaged  devices  or  in  the  case  of  large  active  device  bandwidths 
in  order  to  achieve  stability.  For  the  symmetrical  circuit  case,  a 
simple  technique  is  available  for  determining  the  value  and  location 
of  stabilization  resistors  which  suppress  odd  modes  but  are  invisible 
to  even  modes.  An  example  of  a  high-power,  x-band  stabilized  combiner 
was  given. 
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LOCKED  OSCILLATOR  GAIN,  dB 


FREQUENCY,  GHz 

FIG.  2 6  LOCKED  OSCILLATOR  GAIN  VS.  FREQUENCY  OBTAINED  FROM  THE  CURVE  OF 
FIG.  25.  The  1-dB  BANDWIDTH  HAS  REDUCED  TO  150  MHz  FOR  THE 
FACTOR  OF  FOUR  INCREASE  IN  POWER  OUTPUT. 
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Again,  the  design  of  these  combiners  is  not  based  on  the 
conventional  concepts  of  "match"  and  "isolation"  useful  in  other  power 
dividing/adding  arrays  of  sources  or  amplifiers.  The  negative- 
resistance  properties  of  the  device  bring  about  new  and  more  appropriate 
constraints  on  line  impedance  levels,  lengths  and  stabilization  (isola¬ 
tion)  resistances. 

Certain  additional  aspects  of  these  combiners  including  the 
existence  of  "other"  modes  of  oscillation;  effects  of  nonidentical 
devices;  device  failure  on  power  output;  and  two-section,  capacitively 
stabilized  lossless  combiners  are  analyzed  in  Appendices  A  through  C. 

It  is  concluded  from  this  work  that  this  approach  to  power  com¬ 
bining  provides  as  good  and  often  better  performance  than  other  com¬ 
bining  schemes.1  At  x-band,  the  lossless  combiner  demonstrated  a 

locked  oscillator  bandwidth  several  times  larger  than  the  TM  -mode 

ono 

combiners  in  a  simpler  geometry.  The  results  at  millimeter  wavelengths 
indicate  that  this  approach  could  yield  high  power  and  substantial 
bandwidths  but  integrated  circuit  techniques  would  be  required  for 
combiner  realization.  Use  of  "fork"  style  combiners  rather  than  radial- 
symmetric  types  are  likely  candidates  for  combiner  integrated  circuit 
realizations  at  millimeter  wavelengths. 

Appendix  A.  Other  Modes  of  Oscillation 

The  fact  that  the  active  devices  in  a  power  combiner  are  nonlin¬ 
ear  and  probably  nonidentical  allows  other  modes  of  oscillation  to 
exist  than  those  indicated  in  Section  2.  This  was  pointed  out  by 
Kurokawa9  in  his  analysis  of  Rucker's  circuit.8  In  this  Appendix, 
some  design  guidelines  are  developed  for  dealing  with  other 
modes  of  oscillation  and  the  effects  of  nonidentical  devices. 


In  the  case  of  degenerate  eigenvalue  combiners,  specific  design 


criteria  can  be  developed  through  simple  geometric  interpretations. 
For  nondegenerate  networks,  design  criteria  are  more  difficult  to 
establish. 

Oscillation  Condition.  The  oscillation  condition  (Eq.  8)  can 
be  written  as 


(I  ♦  11  )V'  =  A 


od 


'  00 


+  Y 


N 

T  J-  V» 
L  k=i 


(50) 


which  can  be  examined  for  any  value  of  A  to  determine  modes  other  than 
the  zeroth  and  rotating  ones  established  in  Section  2.  Analysis  and 
determination  of  these  other  modes  will  be  attempted  systematically  by 
first  considering  the  degenerate  eigenvalue  case  for  identical  and 
nonidentical  devices  and  then  investigating  the  nondegenerate  circuit 
situation. 

Degenerate  Networks — Identical  Devices .  For  a  power  combining 
network  Y.  which  has  y^  =  0  for  i  #  j  or  equivalently 

I  =  y 1XI  »  (51) 


the  eigenvalues  X^  are  given  by 


°  "  y“  '  yoo  *  ?L 


and 


(52a) 


Xn  =  yn  ’  n  =  1»2>-  ••  >N  "  1  •  (52b) 

Hence  the  Xn,  n  >  1  are  degenerate.  In  addition,  if  identical  devices 


>i  ini  1 i i»KT  «“•—  KYijaMTPTjMfr 


are  assumed,  i.e.. 


Vv)  •  Vv)  (53) 

so  they  all  have  the  same  admittance  function ,  then  Eq.  50  can  be 
written  as 


[yn  +  Yd(l\l)]Vk  =  A  ’  k*l,2,...,N  .  (5U) 

The  cophase  (earen)  and  antiphase  (rotating)  modes  are  found  from 

Eq.  5k  as  in  Section  2,  i.e.,  X  +  Y  ( | V„ I )  =  0,  n  =  0,1,..., N  -  1. 

n  a  K 1 

Of  interest  here  is  whether  a  mode  other  than  the  zeroth  can  exist 
for  finite  A. 

Kurokawa9  examined  Eq.  5k  in  a  perturbation  analysis  for 
X^  >>  Xq  (except  on  an  impedance  basis)  and  found  the  zeroth  mode  can 
be  perturbed  only  if 


X  -  X 
l  o 


Nyod 


y  +  yt 
oo  L 


=  -  V 


o  3  V 


(55a) 


where 


"W  =  »o  .  (55b) 

As  pointed  out,  Eq.  55a  requires  a  highly  unusual  circumstance  - 
between  device  properties  and  circuit  properties  which  are  virtually 
independent  of  each  other. 

A  stronger,  more  general  condition  than  Eq.  55  can  be  derived 
which  guarantees  that  only  the  zeroth  mode  can  exist  in  the  combiner. 
From  Eq.  5^  it  is  apparent  that  the  only  way  the  Y^'s  can  differ 
from  each  other  is  if  the  solution  for  |-V  ]  from  Eq.  5k  as  a 
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function  of  | A |  is  not  single  valued.  '  Possible  solutions  for 
1 V  l ( | A | )  from 


1 1 


Y„(IVJ)R 


(56) 


for  different  values  of  y  are  shown  in  Fig.  27.  Considering  the 

cases  indicated,  the  following  arguments  can  be  made: 

1.  If  the  function  | V  | ( | A j  )  is  single  valued,  there  is  a  unique 

1C 

solution  V  for  ( A  j  >  0  and  hence  all  V  's  must  be  identical  and  have 
the  zeroth  mode  value  V  determined  by 


[y  +  Y.(V)]V 

li  d 


2 

od 
+  Y 


L 


(57) 


2.  If  the  function  is  not  single  valued,  then  another  mode  may 
be  possible  if  ) A |  is  in  the  hysteresis  range  (curve  C  in  Fig.  27). 
Such  a  solution  requires  that 


N 

Y  V.  =  W  +  mV.  ,  l  +  m  =  N 
.  k  a  b 

k=i 


with 


'min 


N 

J. 


y  +  Yt 
oo  L 


max  1 


For  a  power  combiner  with  a  designed  zeroth  order  mode  (Y^) ,  such 
a  solution  would  indeed  require  an  unusual  combination  of  device 
and  circuit  behavior. 
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While  unlikely,  the  problem  can  be  avoided  by  choosing  y 

11 

to  ensure  that  the  solution  i or  |V^|  in  Eq.  56  is  single  valued  for 
any  frequency  in  the  active  bandwidth  of  the  diode.  The  region  of 
the  complex  plane  to  be  avoided  can  be  determined  by  setting 
d  |  V  |  /d  |  A  [  -*  <=o  in  Eq.  56,  obtaining  the  result  that 


V 

2  3  V 


for  stability.  For  a  given  value  of  V  at  any  io,  the  equality  in 

Eq.  58  is  the  equation  of  a  circle  in  the  y  plane.  Considering  all 

values  of  V  at  any  w  results  in  a  region  as  shown  in  Fig.  28  made  up  of 

a  family  of  circles.  Also  indicated  is  Kurokawa's  locus  from  Eq.  55- 

If  y  lies  outside  these  circles,  only  the  desired  zeroth  mode  of 
11 

oscillation  can  exist.  The  stability  region  must  be  determined  for 

each  frequency  in  the  active  bandwidth  of  the  device.  In  the  case 

of  Rucker's  circuit,8  equivalently,  y  was  large  and  positive  real  so 

11 

that  it  did  not  generally  lie  in  the  instability  region,  unless  the 

Y,(V)  function  had  unusual  properties, 
d 

It  is  apparent  that  if  y  avoids  the  region  bounded  by 

1 1 

Eq.  58  for  all  active  00,  then  clearly  y^Uw)  +  Yd(jw,V)  ^  0  and 
rotating  mode  stability  is  also  guaranteed.  Therefore  for  this  identical- 
diode,  degenerate-eigenvalue  combiner,  Eq.  58  allows  only  zeroth 
mode  operation.  Note  that  Eq.  58  is  sufficient,  but  may  not  be 
necessary  for  stability  of  all  undesired  modes. 

Degenerate  Networks — Nonidentical  Devices .  For  nonidentical 
devices,  Eq.  5**  is  written  as 

[yn  +  Ydk(lVlJ)Vk  =  A  ’  k  =  1’2 . N  »  (59) 
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11 

IN  THE  V( A)  CURVE  (FIG.  27 )  AND  THE  POSSIBILITY  OF 
OTHER  MODES.  KUROKAWA'S  POINT  IS  ALSO  INDICATED. 
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where  it  is  assumed  that  the  solution  for  |v^|(|a|)  is  a  single-valued 
function.  If  the  functions  are  somewhat  different  from  each 
other,  then  the  V^'s  from  Eq.  59  will  differ  in  amplitude  and  phase. 
The  amount  of  phase  and  amplitude  differences  required  can  be  visual¬ 
ized  graphically  by  plotting  the  functions  [y  +  Y  (V)]V,  where  V 

1 1  ok 

is  an  RF  amplitude.  A  typical  plot  of  one  of  these  functions  is 
constructed  as  shown  in  Fig.  29,  and  Fig.  30  indicates  how  several 
functions  for  different  diodes  may  appear.  Also  shown  in  Fig.  30  is 
a  circle  corresponding  to  | A [  =  constant.  The  intersection  of  this 
circle  with  any  curve  determines  the  associated  value  of  |v  | ,  and 
the  phase  of  relative  to  that  of  A  is  determined  by  the  angular 
rotation  required  for  the  intersection  to  reach  some  chosen  point  A 
on  the  circle.  The  phase  of  A  is  not  important,  only  the  relative 
phase  shifts  required  among  the  various  curves.  Hence  the  maximum 
phase  difference  of  all  the  diode  voltages  is  6  as  shown. 

From  a  design  standpoint,  the  optimum  situation  might  be  to 
use  the  value  of  |a|  for  maximum  total  output  power.  If  the  functions 
Y^(V)  are  known,  then  the  value  of  | A  |  would  be  chosen  such  that 
the  solutions  for  |Vk|(|A|)  from 


'a  +  Wl\ 


A  ,  k  =  1,2 . K 


would  maximize  the  total  generated  power  P  given  by 


,(|a|)  _  i 


I  Re{Y4[|Vk|(|A|)]}|vJ*(|A|)  . 


From  the  value  of  |A|,  the  relative  phases  of  the  V  can  be  found, 
so  that  the  proper  load  admittance  Y  for  the  oscillator  can  be  found 

Lt 
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Re 

FIG.  30  GRAPHICAL  EXPLANATION  OF  THE  AMPLITUDE  AND  PHASE  VARIATIONS 


OCCURRING  WHEN  NONIDENTICAL  DIODES  ARE  COMBINED.  THE 
MAXIMUM  PHASE  VARIATION  AMONG  THE  DIODES  IS  6.  THE  VALUE 
OF  A  CAN  BE  ADJUSTED  TO  MAXIMIZE  THE  TOTAL  POWER. 
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which  is  satisfied  for  any  k  value. 

If  the  Y  deviate  only  slightly  from  one  another,  a  perturba- 

OK 

tion  analysis  of  Eq.  59  can  be  used  to  predict  expected  output  levels 
if  the  deviation  statistics  of  the  device  admittance  is  specified. 
Optimal  solutions  to  Eqs.  60  through  62  give  the  desired  mode  of 
operation  and  represent  a  "perturbed"  zeroth  mode  compared  to  the  case 
of  identical  devices.  Since  the  solution  to  Eq.  59  was  assumed  single 
valued,  Eq.  58  holds  for  each  ^^(V)  function  and  hence  this  perturbed 
zeroth  mode  is  the  only  one  possible. 

General  Case — Nondegenerate  Eigenvalues  and  Nonidentical  Devices . 
In  the  more  general  case  when  the  are  not  degenerate,  stability  for 
other  modes  does  not  have  as  straightforward  an  interpretation  be¬ 
tween  device  and  circuit  interaction.  The  condition  that  V  be  single 

n 

valued  for  any  value  of  A  or  any  set  {Vn>  is  a  sufficient  criterion, 
but  again  may  not  be  necessary.  From  Eq.  50 

T  =  (I  +  i;]-1A  =  MA  (63) 


so  that 
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which  gives 
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where  P  = 


[pij]  with 


3M. 

Pij  =  8|Vj| 

and 


(68) 


Q  =  [Mi,M2,...,Mjt]+  .  (69) 

It  is  clear  from  Eq.  67  that  if  the  real  matrix  J  -  AP  is  ever  singu¬ 
lar  for  any  combination  of  |Vn|'s,some  | V^Jcan  have  more  than  one 

value  for  a  given  | A I .  In  the  case  when  all  1^  I  are  small  and 

n 

approaches  its  small-signal  value  and  becomes  essentially  linear, 
normally  P  -*•  ()  and  I  -  AP  is  a  positive  definite  matrix.  Hence,  if 
I,  -  AP  is  always  positive  definite,  finite  output  from  the  combiner 
will  only  occur  in  the  zeroth  or  perturbed  zeroth  mode.  For  the  degen¬ 
erate  case,  Eq.  67  reduces  to  Eq.  58  as  expected.  In  general,  however, 
such  lucid  geometric  interpretations  as  in  Figs.  28  through  30  are 
not  apparent. 

With  regard  to  these  "other  modes,"  a  final  comment  is  in  order. 
It  was  shown  for  the  degenerate  case  that  even  if  Eq.  58  is  not  sat¬ 
isfied,  a  very  unusual  circumstance  is  required  to  have  an  instability 
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other  than  the  zeroth  mode,  particularly  when  the  circuit  has  been 
designed  for  the  zeroth  mode.  It  is  suspected  that  the  same  is  true 
for  the  nondegenerate  case,  that  if  designed  for  zeroth-order  mode 
and  for  rotating  mode  suppression,  the  combiner  will  be  very  un¬ 
likely  to  oscillate  in  any  other  mode. 


Appendix  B.  Diode  Failure  in  Lossless,  Degenerate  Eigenvalue  Networks 

An  N-diode  TEM-line  combiner  as  in  Fig.  2  can  be  modeled  as 

shown  in  Fig.  31a.  If  identical  diodes  are  assumed,  each  generating 

a  power  P  in  the  even  mode,  then  clearly  the  total  generated  power 

P  w  is 
gN 


P  „  =  NP 

gN  g 


(TO) 


If  a  single  diode  should  fail  such  that  it  becomes  passive,  it  reflects 
a  passive  impedance  across  the  combining  point  and  leaves  N  -  1  diodes 
active.  The  equivalent  circuit  for  this  situation  is  then  as  indicated 
in  Fig.  31b,  where  Ydf(w)  is  the  passive  admittance  of  the  failed 
diode  and  Yf  is  the  admittance  resulting  from  the  transformation  of 
Ydf  through  the  TEM  line.  It  is  clear  from  Fig.  31b  that  certain 
values  of  Y^  and  resulting  Y^,  can  be  disastrous,  especially  if  Yf 
becomes  large  approaching  a  short  circuit.  As  with  all  failure  analysis, 
results  can  only  be  obtained  if  Ydfl  is  specified. 

In  the  case  of  a  single  failure,  the  new  load  admittance  YLf  is 


ht  ’  YL4If  (71) 

which  is  shared  equally  among  N  -  1  diodes.  If  Y..  (u>,V)  is  the 

at 

admittance  of  the  diode  transformed  through  the  line  to  the 
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FIG.  31  (a)  CIRCUIT  MODEL  FOR  5-DIODE,  LOSSLESS  TEM-LINE  COMBINER. 

(b)  CIRCUIT  MODEL  FOR  COMBINER  IN  THE  CASE  OF  A  SINGLE  DIODE 

FAILURE  WHERE  Y , „  IS  THE  DIODE  FAILED  ADMITTANCE  AND  Y,  IS  ITS 
ar  r 

TRANSFORMED  VALUE  AT  THE  COMBINING  POINT. 


combining  point,  the  oscillation  conditions  for  the  cases  of  N 
diodes  and  N  -  1  diodes  are  then 

Y  (a)  ) 

Ydt(<VVo)  +  V~'  “  0  (N  diodes)  (72a) 

and 

Y  (ol)+  Y  ) 

YdtK’V  +  jTi -  =  0  (N  -  1  diodes)  ,  (72b) 

where  Vq  and  Vx  are  the  RF  voltage  amplitudes  and  o)Q  and  are  the 
oscillation  frequencies  .for  the  N  diodes  and  N  -  1  diodes,  respectively. 
Equation  72b  can  be  written  as 


>1’V 


N 

N  -  1 


ylk>  y*x> 


N  -  1 


showing  that  the  effect  of  the  failed  diode  is  shared  equally  among 
the  remaining  N  -  1  devices.  Thus  for  N  reasonably  large  it  is 
reasonable  to  expect  that  the  effect  of  Y^  will  result  in  only  a  small 
perturbation  of  u>  and  V  from  the  values  ujo  and  Vq. 

As  seen  in  the  examples  of  Section  3,  the  behavior  of  Y  around 

Uw 

the  design  frequency  can  be  modeled  by  a  nearly  frequency  independent 

real  part  G..  (V).  In  addition,  Y..  is  assumed  resonant  at  u>  so  that 
dt  dt  o 

Y  (w )  =  G  ,  a  constant  conductance.  Furthermore,  if  the  diode  fails 
L  L 

as  a  short  or  an  open,  Yf  may  be  considered  lossless  with  respect  to 
Yt  and  Eq.  73  becomes 

J-l 
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Hence,  using  Eq.  72a  with  Eq.  7^  requires  that 


(75a) 


and 


°dt<V 


W 


BfK> 

N  -  1 


(75b) 


The  new  operating  voltage  V  can  be  found  from  Eq.  75b  and  is  used 
to  find  the  new  generated  power.  The  frequency  change  is  available 
from  Eq.  75b. 

For  reasonable  values  of  N,  the  change  in  V  from  Eq.  75a  is 
expected  to  be  small  so  that  G  (V)  is  approximated  by 

°dt<v)  "  °dt<Vo>  +  •  (76) 

where  v  =  V  -  Vq.  If  Vq  is  selected  for  the  maximum  power  generated, 
then 
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where  it  has  been  assumed  that  (3Pg/3V)jv  =  0.  Using  Eqs.  75a  and 
76  gives 
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(78) 


where  G.  =  G_.  (V  ).  Since 
do  dt  o 
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Eq.  77  becomes 
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where  2V  =  -  2G  has  been  used  from  the  fact  that  (3P  /3V)  „  =  0. 

o  do  a  V 

'  o 

Now  the  total  output  power  from  the  N  -  1  devices  P 
that  for  the  N  devices  is  simply 


gN-i 


relative  to 


(N  -  1) 


1 

T 

) 


(81) 


which,  for  large  N,  goes  as  (N  -  l)/N  and  is  "graceful."  It  is 
interesting  that  initial  operation  at  the  maximum  point  on  the  device 
curves  results  in  such  a  simple  power  degradation. 

The  frequency  shift  of  the  free-running  oscillator  can  be  obtains 
from  Eq.  75b  if  Bf(u))  is  known.  If  the  oscillator  was  initially  injec¬ 
tion  locked,  then  it  may  or  may  not  remain  locked  uepending  on  the  size 
of  Bf(w).  If  Bf  ^  0,  the  injected  power  will  need  to  be  increased  to 
obtain  the  added  power  level  of  Eq.  80. 

It  is  concluded  that  the  effect  on  performance  of  a  diode  failure 
for  the  lossless  degenerate  eigenvalue  combiner  is  no  worse  than  with 
other  combiners1  and  may  be  even  better  in  many  cases.  For  large  N, 

Eq.  8l  can  be  extended  to  M  devices  if  M  <<  N  so  that  Eq.  j6  remains 
valid.  The  result  of  Eq.  8l  is  close  to  the  degradation  recently  pre¬ 
dicted  by  Saleh14  for  a  lossless  output  "matched"  combiner  of  N 
amplifiers.  In  his  analyses,  where  each  amplifier  output  was  modeled 
as  a  linear  source,  it  was  shown  that  a  degradation  given  by 


Po  ,N-M  _  f  M  ) 2 

P  „  I1  "  2N  -  Mj 

o,N  v  1 


(82) 


could  be  obtained  where  M  is  the  number  of  failed  amplifiers.  Assuming 
Eq.  76  is  valid  gives  Eq.  8l  for  M  failed  amplifiers  as 


Plots  of  Eqs.  82  and  83  as  functions  of  M/N  are  shown  in  Fig.  32  for 
M/N  =  0.5.  Both  curves  have  the  same  slope  of  -  1  for  small  M/N. 

Of  course,  Eq.  83  may  only  be  valid  for  small  M/N,  but  it  does  account 
somewhat  for  device  nonlinearities. 

Appendix  £.  Use  of  Shunt  Capacitance  and  Two-Section  TEM  Lines  for 
Improved  Stabilization 

In  combination  with  a  single-section  TEM  line  in  a  degenerate 
eigenvalue  combiner,  the  diode  properties  specified  by  (see  Sec¬ 

tion  3)  results  in  constraints  on  line  impedance  level  or  the  diode 
area,  line  impedance  (AZq)  product  necessary  for  rotating  mode  stability. 
The  use  of  shunt  capacitance  across  the  diode  and/or  a  multiple  TEM- 
line  section  can  improve  these  Zq  or  AZq  constraints,  adding  design  flexi 
bility  and  improving  combiner  output  power  level.  Some  aspects  of  these 
techniques  are  given  in  this  Appendix. 

The  effect  of  adding  shunt  capacitance  on  stability  and  design  is 

very  apparent  for  a  diode  having  B  <  0,  B  >0.  Limitations  on  B 

cm  m 

from  Fig.  7  can  be  eliminated  by  adding  enough  shunt  capacitance  to 
make  Bc  =  0,  thereby  providing  the  desired  stability  while  adding  design 
flexibility  in  line  impedance  level  or  AZq  product.  Of  course,  the 
effective  diode  Q  increases  and  the  bandwidth  capability  reduces 
accordingly.  However,  in  some  cases  this  degradation  may  be  tolerable, 
particularly  if  the  alternative  is  impractical  Zq  level  or  low  output  power. 
In  addition  to  shunt  capacitance,  two  or  more  sections  of  TEM 


lines  with  appropriate  impedance  levels  and  line  lengths  can  improve 
the  stability  margin  and  allow  larger  Z  or  AZ  values  in  design. 
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Only  two  sections  will  be  considered  here,  along  with  the  effect  of 
shunt  capacitance,  such  that  the  equivalent  combiner  circuit  will  be 
as  shown  in  Fig.  33.  For  this  situation,  the  stability  requirements 
similar  to  Eqs.  24a  and  b  are  given  by 


2[6  +  tan-1  (r  tan  9,)]  =  u  +  2  tan-1  (-  B')  (84a) 

o  i  c 


and 


2[a8  +  tan-1  (r  tan  ot©  )  ]  = 

o  l 


2tt  -  2  tan 


-l 


B' 

m 


(84b) 


where  dispersionless  lines  are  assumed  and 

6  =  the  electrical  length  of  the  Y  -line  at  w  , 

o  o  c 

0^  =  the  electrical  length  of  the  Y^line  at  , 

r  -  VZo  ’  V1' 

a  =  (i>  /u>  , 

m  c 

and  the  primed  quantities  B^  and  B^  include  the  shunt  capacitance  and 

are  normalized  to  Y  .  For  any  specified  values  of  B' ,  and  B'  and  a, 
- - o  c  m 

Eqs.  84  provide  two  relations  in  three  variables  r,  6q,  and  ,  so  that 
a  range  of  solutions  are  usually  possible.  It  is  probably  most  desirable 
to  use  the  solution  with  the  ratio  r  being  closest  to  unity.  For 
this  case,  the  solutions  to  Eq.  84  for  the  equality  can  be  found  by 
suitable  manipulation  to  be 


0 


l 


7T 

1  +  0  ’ 


(85a) 


6 

o 


A  +  B  +  (tt/2) 
l+o 


(85b) 
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tan  0  tan  (0  -  B) 

o 


(85c) 


where 


A  =  tan"  (1/B ' ) 
m 


(85d) 


B  =  tan-1  B'  =  tan  1  pB' 
c  m 


(85e) 


with  p  =  B  /B  as  before.  As  compared  to  a  single  line  section  combiner, 
cm 

the  maximum  value  of  B  can  be  increased  by  allowing  a  value  for  r  4  1. 

m 

Accordingly,  higher  Zq  or  area~ZQ  products  can  be  realized  and  afford 
more  design  flexibility  and  increased  output  power  per  device. 

As  an  example  of  this  method,  the  millimeter-wave  diode  of 
Section  3  is  considered.  For  a  single  section  of  TEM  line  in  the 
combiner ,  the  limitations  on  area  impedance  or  power  impedance  were 
found  to  be 


A  Z  =  1.33  x  10““  cm2-« 

Q  O 


(86a) 


P  Z  =9.68  W-n  , 
g  o 


(86b) 


where  A,  is  the  diode  area  and  P  is  the  maximum  power  generated  by 
d  g 

the  device.  Hence  for  high  power  from  one  of  these  devices,  low  Z 

o 

values  must  be  realized,  which  are  difficult  and  impractical  to  achieve. 

Using  the  technique  outlined  above  provides  increased  values  of 

A,Z  and  P  Z  . 
do  go 
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As  a  design  goal ,  1  W  per  diode  in  an  impedance  level  of  35 


to  40  fi  or  more  was  desired,  or  P^Z^  *  4o  W-ft.  This  is  accomplished  by 
adding  the  minimum  amount  of  shunt  capacitance  in  combination  with 
a  two-section  line.  Adding  more  shunt  capacitance  than  the  minimum 
required  will  provide  a  stability  margin  but  will  reduce  bandwidth 
capability.  The  circuit  parameters  resulting  from  the  solution  to 
Eqs.  85  are  then  given  by 


A  Z  = 

d  0 

5.536  x  10~4  cm2-ft  , 

(87a) 

P  Z 
g  0 

4o . 28  w-a  , 

(87b) 

CD 

O 

II 

0. 504l  rad  at  53  GHz, 

(87c) 

0 

1 

0.9124  rad  at  53  GHz, 

(87d) 

r  = 

1.402 

(87e) 

C  = 

2.257  x  10" 9  f /cm2  . 

(87f) 

Shown  in  Fig.  34  is  the  relation  between  b,  for  the  diode  and  the  neg- 

dg 

ative  eigenvalue  susceptance  associated  with  the  rotating  modes,  or  the 

circuit  susceptance  for  a  short  circuit  at  the  combining  point.  The 

circuit  susceptance  for  a  single-section  line  is  also  shown  for  reference 

With  the  two-section  plus  capacitance  combining  lines ,  the  diode 

admittance  at  approximately  78  GHz  rotates  to  the  real  axis  at  the 

combining  point.  Hence,  for  a  locked  oscillator  gain  of  approximately 

10  dB  at  78  GHz,  a  load  admittance  Y  /N  of  0.10  normalized  to  Z  was 

L  1 

chosen  and  assumed  real  over  the  frequency  range  of  interest.  The 
resulting  circuit  admittance  seen  by  the  diode  for  the  even  mode  is 


(Y0/A)cot/9  i 
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3U  DEVICE-CIRCUIT  INTERACTION  FOR  THE  MILLIMETER-WAVE  DIODE 


EXAMPLE  PERTINENT  TO  ROTATING  MODE  STABILITY.  THE  CIRCUIT 


ADMITTANCE  FOR  A  TWO-SECTION  LINE  WITH  CAPACITANCE  RESULT¬ 


ING  IN  A  FOURFOLD  INCREASE  IN  POWER- IMPEDANCE  PRODUCT  IS 


SHOWN  AND  COMPARED  TO  THE  SINGLE-SECTION  CASE 


-jitter  *• 


shown  in  Fig.  35,  along  with  the  trajectory  of  the  locked  oscillator 
around  the  center  frequency.  Lower  bandwidth  than  that  available  with 
a  single-section  line  (see  Figs.  18  and  19)  is  indicated  as  expected. 
The  locked  oscillator  gain  vs.  frequency  is  shown  in  Fig.  36  where  the 
input  power  per  diode  is  given  as 

P.  ,Z 

^  -  =  U.kl  w-n  (88a) 

N 

so  that  the  output  power  at  78  GHz  is  approximately 

P  .  Z 

° jp  °  =  Ul*. 1  w-n  ,  (88b) 

or  1  W  per  diode  for  a  Z  =  1*1*  fi  system  at  a  gain  of  10.  A  1-dB 

bandwidth  of  approximately  6.5  GHz  at  78  GHz  is  available,  as  compared 

to  9  GHz  at  88  GHz  for  the  single-section  line,  which  is  not  much  of  a 

reduction  for  the  resulting  four- fold  increase  in  the  P  Z  product. 

g  o 
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FIG.  35  LOCKED  OSCILLATOR  TRAJECTORY  FOR  THE  TWO-SECTION  LINE 

COMBINER  DESIGNED  FOR  A  CENTER  FREQUENCY  OF  APPROXIMATELY 
78  GHz.  THE  EVEN-MODE  CIRCUIT  ADMITTANCE  IS  ALSO  SHOWN. 


FREQUENCY,  GHz 


FIG.  36  LOCKED  OSCILLATOR  GAIN  VS.  FREQUENCY  OBTAINED  FROM 
FIG.  35.  A  1-dB  BANDWIDTH  OF  APPROXIMATELY  6.5  GHz 
IS  OBSERVED.  THIS  RESULT  CAN  BE  COMPARED  TO  FIG.  19 . 
THE  POWER- IMPEDANCE  PRODUCT  IS  FOUR  TIMES  LARGER. 


